
ACTA UNIVERSITATIS UPSALIENSIS
Uppsala Dissertations from

the Faculty of Science and Technology
64





Pär Samuelsson

Control of Nitrogen
Removal in Activated

Sludge Processes



Dissertation for the Degree of Doctor of Philosophy in Electrical Engineering with
specialization in Automatic Control presented at Uppsala University 2005.

ABSTRACT
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More stringent requirements on nitrogen removal from wastewater are the motivation
for this thesis. In order to improve treatment results and enhance cost-efficient oper-
ation of wastewater treatment plants, model based control strategies are presented.

A Java based simulator for activated sludge processes (JASS) is presented. The
graphical user interface, educational experiences and implemented control strategies
are discussed.

Controlling the addition of an external carbon source is the next topic discussed.
A simple model based feedforward controller is derived and evaluated in a simulation
study. The controller attenuates process disturbances quickly. Further, two feed-
forward controllers for adjusting the aeration volume in activated sludge processes
are derived. The aim of the volume control strategies was to efficiently dampen the
impact of process disturbances without using an excessively high dissolved oxygen
concentration. The simulation results are promising and show that the aeration vol-
ume may be a feasible control variable.

A linearisation method for static input non-linearities is presented. The method
gives essentially the same result as the existing standard method, but possesses some
implementational advantages. The method is used to linearise the non-linear oxygen
transfer function of an activated sludge process in an application study.

Multivariable interactions in a process model describing nitrate removal in an ac-
tivated sludge process are studied using the well known RGA method as well as a
relatively novel tool based on Hankel norms. The results of the analysis are compared
to conclusions drawn from common process knowledge and are used to design a mul-
tivariable control strategy. It was found that process disturbances may be rejected
faster using multivariable control.

Finally, the operational costs of the denitrification process are investigated and
visualised graphically. Cost optimal regions are found by a numerical grid search.
Procedures for controlling the denitrification process in a cost-efficient way are de-
scribed.
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Svensk Sammanfattning

Reglering av kväverening i
aktivslamprocesser

SYFTET med detta avsnitt är att ge en kortfattad svensk sammanfattning
av avhandlingen. Avhandlingens titel blir översatt fr̊an engelska: Reglering

av kväverening i aktivslamprocesser.

Reglerteknik är en bred matematisk disciplin vars metoder används inom
m̊anga tillämpningsomr̊aden, till exempel processindustri, biologi, robotteknik,
elkraftteknik, elektronik och försvarsindustri. För att p̊a ett enkelt sätt kunna
beskriva vad reglerteknik är kan vi tänka oss en godtycklig process. För att
kunna reglera beteendet hos denna process m̊aste den g̊a att p̊averka via vissa
variabler (styrsignaler). Vanligen vill man genom att manipulera styrsignalerna
f̊a vissa andra variabler (utsignaler) att uppföra sig p̊a ett önskat sätt, trots
eventuell p̊averkan av störningar. Normalt används återkoppling inom re-
glerteknik. För att styra processen automatiskt matas en regulator med in-
formation om utsignalerna och beräknar lämpliga styrsignaler s̊a att processen
uppför sig p̊a ett önskat sätt.

Kväveföreningar i avloppsvatten kan p̊averka de ekosystem där vattnet
släpps ut negativt, till exempel genom övergödning. Under de senaste 15 åren
har därför lagstiftningen gällande gränsvärden för utsläpp av kväve i avlopps-
vatten successivt skärpts. I denna avhandling presenteras metoder och strate-
gier för att automatiskt reglera olika variabler som styr kvävereningen i ett
avloppsreningsverk. De metoder som presenteras bygger p̊a matematiska mod-
eller och syftar till att reducera kväveutsläppen och samtidigt minska driftskost-
nader genom att minska åtg̊angen av kemikalier och energi. N̊agra allmänna
incitament för att tillämpa reglerteknik inom avloppsvattenrening är:

• Att möta h̊ardare reningskrav.
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• Att uppn̊a kostnadseffektiva lösningar.

• Att minska inverkan av processstörningar s̊asom variationer i avlopps-
vattnets sammansättning och mängd.

• Att automatisera styrningen av komplexa processer som kan vara sv̊ara
att styra manuellt.

Reduktion av kväve fr̊an avloppsvatten sker genom tv̊a delprocesser; ni-
trifikation och denitrifikation. Nitrifikation omvandlar under syresatta för-
h̊allanden ammonium till nitrat. Nitratet som bildas kan i sin tur under syrefria
förh̊allanden omvandlas till kvävgas via denitrifikationen. Tv̊a möjliga variabler
som kan användas för att styra nitrifikationen är volymen p̊a den syresatta de-
len av anläggningen samt luftflödet (och därigenom syrehalterna) i densamma.
Denitrifikationen p̊averkas av tillg̊angen p̊a en lättnedbrytbar organisk kolkälla.
Tillsats av kol via en extern kolkälla är därför ett vanligt sätt att styra deni-
trifikationen.

Kapitel 1 i avhandlingen ger en introduktion till avloppsvattenrening. In-
ledningsvis ges en kort allmän historik varefter processer, matematiska modeller
och simulatorer diskuteras. Tonvikten i kapitlet ligger dock p̊a en diskussion
av reglerteknik och hur den har tillämpats inom avloppsvattenrening.

En simulator för aktivslamprocessen i ett avloppsreningsverk presenteras i
Kapitel 2. En beskrivning av hur simulatorn har använts i undervisningssyfte
under ett antal år ges. Vi berör ocks̊a de reglerstrategier som finns imple-
menterade i simulatorn. Den allmänna slutsatsen är att simulatorn varit ett
effektivt verktyg för att ge studenter och personal vid avloppsreningsverk en
grundläggande först̊aelse för processerna bakom kväverening och hur processerna
kan regleras.

I Kapitel 3 presenteras en reglerstrategi för att reglera flödet av en ex-
tern kolkälla. Målsättningen med strategin är att h̊alla nitratkoncentratio-
nen i utg̊aende vatten l̊ag. Regulatorn baseras p̊a en matematisk modell
och är av framkopplingstyp vilket innebär att den tar hänsyn till störningar
s̊asom variationer i flödet och nitratkoncentration hos inkommande vatten.
Användandet av en framkopplingsstrategi gör att effekten av störningarna
snabbt kan dämpas. Detta illustreras i simuleringsexperiment.

Framkopplingsstrategier presenteras även i Kapitel 4, här regleras storleken
p̊a den syresatta volymen för att h̊alla ammoniumkoncentrationen i utg̊aende
vatten p̊a en l̊ag niv̊a. I grundutförandet erh̊alls regulatorn genom att linjärisera
de ekvationer som beskriver nitrifikationen. Den resulterande regulatorn tar
hänsyn till variationer i vattenflöde och ammoniumkoncentration. Strukturen
hos denna regulator är dock tämligen avancerad vilket ger den oönskade bi-
effekten att det är sv̊art att hitta lämpliga parametervärden. Därför föresl̊as
även en förenklad variant av regulatorn som använder sig av de viktigaste ny-



ckelvariablerna. B̊ada regulatorerna illustreras i en simuleringsstudie och visar
sig kompensera snabbt för variationer i inkommande vatten.

I m̊anga tillämpningar förekommer Hammersteinmodeller. Enkelt uttryckt
är en Hammersteinmodell ett linjärt system vars styrsignal p̊averkas av en
statisk olinjäritet. Ett exempel p̊a när denna typ av modeller kan vara tillämp-
bar är d̊a en styrsignal, till exempel ett luftflöde, p̊averkas av en olinjär ven-
til. Kapitel 5 i avhandlingen behandlar ett sätt att linjärisera denna typ av
olinjäriteter. Den metod som föresl̊as ger väsentligen samma resultat som den
väl etablerade standardmetod som finns, men är i vissa fall lättare att im-
plementera. Metoden illustreras med n̊agra simuleringsexempel, bland annat
linjäriseras en modell av överföringen av syre till avloppsvatten.

Många processer inom avloppsvattenrening är i själva verket multivariabla,
vilket innebär att processerna har flera in och utsignaler. En förändring i en
styrsignal ger här upphov till förändringar i flera utsignaler, s̊a kallad kors-
koppling. I Kapitel 6 i avhandlingen undersöks tv̊a metoder för att kvantifiera
korskopplingar. Metoderna tillämpas p̊a en modell som beskriver denitrifika-
tionen i en aktivslamprocess. Slutsatsen är att betydligt mer information kan
extraheras ur den ena av metoderna. Resultaten används för att föresl̊a en mul-
tivariabel regulator. Den föreslagna reglerstrategin illustreras i simuleringar
och jämförs med en konventionell decentraliserad reglerstrategi. Den multi-
variabla regulatorn reducerar i hög grad korskopplingarna i systemet.

I Kapitel 7 studeras driftskostnaderna för denitrifikationsprocessen. I stu-
dien ing̊ar kostnader för energi (luftning och pumpkostnader) samt kostnader
för tillsats av externt kol. Det visar sig att processen fungerar kostnadseffek-
tivt inom ett avgränsat arbetsomr̊ade. Resultaten visualiseras via stationära
simuleringar. Baserat p̊a simuleringsresultaten diskuteras hur processen skall
styras p̊a ett kostnadsoptimalt sätt.

Till sist presenteras slutsatserna i Kapitel 8. Här diskuteras ocks̊a möjligheter
för fortsatt forskning. I synnerhet beskrivs hur de studier som ing̊ar i avhan-
dlingen kan utvidgas.





Chapter 1
Introduction

EVEN though taken for granted in Sweden and many Western countries,
clean water is a valuable resource lacking in many parts of the world. The

fraction of water suitable for human consumption is steadily decreasing due to
pollution from agriculture, households and industry. In our part of the world,
access to clean drinking water may not be an acute issue, but the impact of hu-
man waste products on natural ecosystems that can be used as food resources
and for recreational purposes is still a reality. Although not very densely pop-
ulated, northern Europe has not been entirely spared from problems due to
pollution reaching rivers, lakes and seas. One example is excessive algal bloom
caused by nutrients released with wastewater. These algae may be directly
toxic to water dwelling fauna, but may also cause a lack of oxygen when de-
composing. With the perspectives given above, it seems obvious that human
impacts on water resources should be minimised in order to avoid inconvenience
and even disaster. Thus, wastewater should be properly treated in order to re-
move harmful substances before it reaches the environment.

This thesis deals with modelling and control applied to the activated sludge
process in a wastewater treatment plant. The main focus of the thesis is on
nitrogen removal, which can be motivated by the fact that nitrogen is an impor-
tant nutrient causing undesired impacts if too large amounts are released into
the environment. The aims of the suggested methods are to efficiently control
and reduce effluent nitrogen concentrations, save energy and reduce usage of
chemicals. The methods are illustrated and verified in simulation experiments.

The outline of this chapter is as follows: In Section 1.1, a historical back-
ground to wastewater treatment is given. In particular, the Swedish back-
ground is discussed. Section 1.2 gives a brief description of a wastewater treat-
ment plant, and also discusses the composition of the influent water. An im-
portant process within wastewater treatment, the activated sludge process, is
discussed in Section 1.3. In Section 1.4, mathematical modelling and simula-
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6 1. Introduction

tions of the activated sludge process are discussed. A background to automatic
control of wastewater treatment plants is given in Section 1.5. Finally, an
outline of the thesis is presented in Section 1.6.

1.1 A Historical Background to Wastewater
Treatment

Due to urbanisation, wastewater treatment is becoming more and more im-
portant in the society of today. In the past, people lived in relatively small
population units, often in the countryside, and the disposal of wastes was not
a major problem. However, with the expansion of rural populations, disposal
and accumulation of human waste products rapidly became a hygiene prob-
lem. A large step towards realising the harmful impacts of wastewater was,
sadly, the global cholera outbreak in the 19th century. Relatively early during
the epidemic, contaminated water was suggested to be a source of the illness.
However, it took several years until a cholera outbreak could be traced back to
an infected water source and the bacillus could be isolated.

When the connection between the hygiene problems, health issues and
wastewater was established, this led to a new way of dealing with human waste
products. It was realised that the wastewater could not be disposed of any-
where within densely populated areas. A first step towards solving the problem
was the introduction of the water closet and the development of sewer systems
transporting the water from people’s homes into nearby recipient water bodies
such as lakes and rivers. With an increased water consumption due to popula-
tion growth in rural regions, new problems occurred. In principle, the problems
moved to the surrounding environment, since the pollutant load on specific re-
cipient waters then increased.

At first, only the visual appearance of the wastewater was improved via
sedimentation and filtration processes. The visual problems were of course the
most obvious, and also the most simple to deal with. In Sweden, the visual
problems in the recipient waters caused by the wastewater were partly handled
by the introduction of sedimentation tanks in the 1930s.

With time, new negative impacts were discovered. In the early 20th cen-
tury, problems concerning oxygen depletion in the recipient waters emerged.
The oxygen depletion occurred since pollutants (mainly organic matter) were
oxidised in the recipient waters. As a way of improving the situation, biological
treatment evolved (see Section 1.3). This treatment consisted of adding oxygen
to the wastewater in reactors, thus allowing the organic matter to oxidise before
the water was released into the recipient waters. Such biological wastewater
treatment was introduced relatively late in Sweden (the 1950s). The negative
effects of untreated wastewater were relatively low for a long time in Sweden,
due to the relatively low population density. When the biological treatment
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started, however, severe problems had been detected.

In the 1970s and 1980s, nutrient pollution from nitrogen and phosphorus
compounds was found to cause problems such as eutrophication and toxic im-
pacts in the recipient waters, and the focus therefore shifted towards removal of
nutrients. In the 1970s, the combination of biological treatment with chemical
treatment started on a large scale in order to also remove phosphorus from the
water.

In the 1990s, the next step towards sustainable development and resource
efficient nitrogen removal was taken. This was imposed by the EU Urban Wa-
ter Directive (91/271/EC) increasing the demands on nitrogen removal from
wastewater in the member countries. In Sweden, it was decided to decrease
the nitrogen discharge by approximately 50 % for larger wastewater treat-
ment plants on the coastline from the Norwegian border all the way round to
Stockholm. The legislation became even stricter in 1999, when the minimum
reduction of total nitrogen in the wastewater based on a yearly average became
70 % for plants with more than 100 000 person equivalents. In addition to the
demands on percentage reduction, the maximum yearly total nitrogen average
for plants with more than 100 000 person equivalents was set at 10 mg/l, and 15
mg/l for plants with 10 000-100 000 person equivalents. This is one motivation
for the work in this thesis, which mainly concentrates on biological nitrogen re-
moval. The development of new legislation for Swedish wastewater treatment
plants during the past decade is further described in Winnfors (1998). The
relevant Swedish legislation is collected in SNFS (1994:7), while later changes
to these regulations can be found in SNFS (1998:7) and SNFS (2004:7). This
legislation also regulates discharge of organic material with effluent wastewater.

The political and structural developments described above have also been
followed by technical development in order to meet the increased demands.
Sensors for dissolved oxygen and nutrients such as ammonium, nitrate and
phosphorus have been developed and improved in recent decades, thus increas-
ing the potential for effective monitoring, automation and control of wastewater
treatment plants. Along with this development, the level of automation has
increased since the 1970s, but the full potential is far from being used, see
Jeppsson et al. (2002). This is further discussed in Section 1.5 of this thesis.

More historical material regarding wastewater treatment in general can be
found in Ingildsen and Olsson (2001), and material on Swedish wastewater
treatment in particular can be found in Finnson (1994), Lundgren (1994) and
Isg̊ard (1998).
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1.2 The Wastewater Treatment Plant and the
Composition of the Influent Wastewater

Today, treating wastewater is generally a complex, multi-step industrial pro-
cess, see Metcalf and Eddy Inc. (1991) for a detailed discussion of the subject.
Figure 1.1 shows a typical setup for a modern wastewater treatment plant
(WWTP). The first step in a WWTP is generally some kind of mechanical
treatment, where large objects and heavy material are removed. The mechan-
ical treatment may consist of a grid, a sand filter and a primary sedimentation
unit, as in Figure 1.1. To remove soluble organic matter and possibly also
nitrogen from the wastewater, biological treatment is often the second step.
Depending on the setup of the plant, different processes can be conducted by
microorganisms. These processes are used to convert the many different com-
pounds present in the influent water to less harmful substances. Most larger
plants in Sweden make use of the so called activated sludge process for the bi-
ological treatment, see Section 1.3 for a further description. It is also common
to treat the wastewater chemically. Phosphorus can be removed from the water
by chemical precipitation. This may be performed in a third step, as depicted
in Figure 1.1. It is also possible to add chemicals before or simultaneously
with the biological treatment. Another possibility is to remove the phosphorus
biologically, see for instance Isaacs and Henze (1995).

Chemical treatment

Sludge treatment

Primary
Sedimentation

Dewatered sludge

water

Sludge
thickening Stabilization

Dewatering

Biological treatment

Sand
filter

Grid

Activated sludge

Supernatants + Backwashing

Effluent

Mechanical treatment 321

4

Chemicals

Preciptation

Figure 1.1: Layout of a typical wastewater treatment plant (Kommunförbundet
(1988)).

As seen from Figure 1.1, sludge is removed from all process stages in the
plant. A step where the removed sludge can be treated is therefore also neces-
sary. To reduce pathogenic hazards, and to avoid odours, the sludge must be
stabilised. Anaerobic digesters are often used for this purpose. The sludge is
also dewatered in order to make it easier to handle. The dewatered sludge may
then be used as fertiliser, fuel or soil conditioner. Unfortunately, the levels of
heavy metals and other toxic components in the sludge are often higher than
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the limiting levels imposed by the Swedish Environmental Protection Agency.
Therefore the sludge is often unsuitable for use for agricultural purposes in
Sweden. However, this problem is not further discussed in the thesis. More in-
formation on sludge management in general can be found in Metcalf and Eddy
Inc. (1991). For an overview of the sludge debate in Sweden, see Hultman et
al. (2000).

As indicated in the previous section, the main concern of this thesis is
control of biological nitrogen removal. Nevertheless, to obtain a broader view
of the topic, this section aims to provide a basic overview of the different
pollutants present in the influent wastewater. To explain the work in the thesis,
the harmful impact of the nitrogen compounds is described more in detail.

• Suspended solids are clearly visible in water and consist simply of small
particles suspended in water. In the pre-treatment step, suspended solids
are removed via filtration or sedimentation. Besides being a visual nui-
sance, suspended solids may lead to the development of sludge deposits
and anaerobic conditions if untreated wastewater is released into recipient
waters.

• Organic matter in wastewater shows a large diversity in terms of different
constituents. The basic elements are carbon, hydrogen and oxygen, but
other molecules may also be attached. Among the organic matter are
fractions that are readily biodegradable, slowly biodegradable and inert,
and organic matter exists in both soluble and particulate forms. The
problem with organic matter in wastewater is something of a dilemma.
As discussed in Section 1.1, organic matter may lead to the depletion
of natural oxygen resources if discharged to recipient waters. On the
other hand, organic matter is needed in biological nitrogen removal. If
the content of organic matter in the influent is insufficient in such a
process, organic matter in some form paradoxically has to be added to
the wastewater.

• Nitrogen occurs mainly in three different forms in wastewater, as ammo-
nium, nitrate and organically bound nitrogen. Ammonium is by far the
most common nitrogen compound in the influent water, followed by the
remainder of organically bound nitrogen. Nitrate is mainly formed as an
intermediate product in biological nitrogen removal. Removal of nitrogen
from wastewater can be motivated by several factors:

– Nitrogen compounds may stimulate undesired plant growth in the
recipient waters and thereby affect the ecosystems negatively.

– Ammonia, which coexists in chemical equilibrium with ammonium,
is toxic to water dwelling organisms even at low concentrations. This
is a particular problem in waters with high pH values.

– Oxidation of ammonium to nitrate may cause oxygen depletion when
it occurs in the recipient waters.
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• Phosphorous is often a growth limiting nutrient in the recipient waters.
In the influent water, phosphorous is mainly present in the form of phos-
phate and organically bound phosphorous. The phosphate can be re-
moved chemically or biologically as mentioned above. In the chemical
removal, the phosphate is precipitated using metal salts, polymers or
lime. The addition of a precipitation chemical also stimulates floccula-
tion, and part of the organically bound phosphorous can thereby also
be removed through sedimentation or filtration. However, the precipita-
tion is more efficient if the organically bound phosphorous is transformed
to free phosphate. Thus, chemical phosphorous removal generally works
better when it takes place after the biological reactions as depicted in
Figure 1.1. If biological phosphorous removal is to be used, it is possi-
ble to configure the biological treatment step for utilising simultaneous
nitrogen and phosphorous removal.

Besides the compounds described above, wastewater may also contain a
broad spectrum of possibly harmful substances. Heavy metals are toxic com-
pounds added to the wastewater by industrial, commercial and domestic activ-
ities. Complex organic compounds resistant to conventional degradation may
originate from industrial activities or agricultural pesticides. There are also
many potentially carcinogenic inorganic or organic compounds, and also com-
pounds with high acute toxicity. A wide range of substances are referred to
as xenobiotics. The definition of these substances is that they are man-made
compounds with chemical structures foreign to a given organism. Some groups
of substances that are gathered under the name of xenobiotics are hormones,
pharmaceutical drugs, pesticides, herbicides and metals. Today, no effective re-
moval processes exist for many of these compounds, if they can be characterised
and detected at all. For many of the xenobiotics, there is also a need to further
investigate the matter of bioaccumulation, toxicity and possible health risks.
The presence of these compounds in the sludge by-products causes great prob-
lems with sludge disposal. The increasing awareness of the problems caused
by these special substances may hopefully help the situation by prompting the
development of strategies for their detection and removal. More material on
the topic of xenobiotics can be found in Wu (1999).

1.3 The Activated Sludge Process

A common concept for biological wastewater treatment is the activated sludge
process (ASP), a biological process where activated sludge, i.e. microorganisms,
is used to oxidise and mineralise organic matter. A schematic layout of the
simplest form of an ASP is shown in Figure 1.2.

In the aerated compartment, different biological reactions take place. The
microorganisms in the compartment are kept suspended in the water by means
of aeration. A sedimentation unit, where particulate matter is allowed to settle,
is an important part of the ASP. The settled material is rich in biomass, and
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Recirculated sludge Excess sludge

Effluent waterwater
Influent SettlerAerated tank

Figure 1.2: A basic activated sludge process consisting of an aerated tank and
a settler.

to maintain the biomass population in the system, part of the settled sludge
is recirculated back into the aerated compartment. The other part is removed
from the process as excess sludge.

The reactions occurring in the process have different time scales. The or-
ganic matter that enters the process via the influent water consists of both read-
ily biodegradable compounds, which can be used directly for biomass growth,
and more complex compounds, which are slowly degraded by the hydrolysis
process into molecules that are more accessible to the biomass. The decay of
biomass releases complex organic compounds, as well as inert material. A basic
model of the biological renewal process in an ASP is illustrated in Figure 1.3.

Slowly degradable material

Readily degradable material

Biomass

Inert material

Decay

Biological growth

Hydrolysis

�

�

�

�

Figure 1.3: The biological renewal process (Henze et al. 1995).

The basic ASP described above can be extended to also include biological
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nitrogen removal. In order to remove both ammonium and nitrate from the
wastewater, a two step configuration with both aerated and anoxic (absence of
dissolved oxygen) compartments is often used, see Figure 1.4.

Anoxic Anoxic Aerobic AnoxicAerobic

Figure 1.4: An activated sludge process configured for nitrogen removal (pre-
denitrification). The last anoxic compartment (de-ox compartment) serves the
purpose of achieving a low oxygen concentration in the internally recirculated
water.

Most of the nitrogen in the influent water is in the form of ammonium
(NH+

4 ). In the aerated compartments, the ammonium may be converted into
nitrate (NO−

3 ). This process is called nitrification and is conducted mainly
by two bacteria genera, Nitrobacter and Nitrosomonas. For the nitrification
process to work well, several environmental conditions need to be fulfilled in-
cluding a sufficiently high concentration of dissolved oxygen (DO) and a suffi-
ciently long sludge retention time (the average time a sludge particle stays in
the system). A simplified description of the nitrification process is that the two
different groups of autotrophic bacteria oxidise ammonium to nitrate, partly
with nitrite as an intermediate product according to

NH+
4 + O2 →NO−

2 → NO−
3 .

Note that the above formula is not a chemically correct description of the
nitrification, but merely illustrates the oxidation process sufficiently to suit
the purposes of this thesis. For a more complete description of the reactions
involved, see for instance Metcalf and Eddy Inc. (1991). In the anoxic com-
partments, where no dissolved oxygen should occur, nitrate may be converted
to gaseous nitrogen (N2) by a process called denitrification. In the conversion,
heterotrophic microorganisms use the nitrate produced by the nitrification pro-
cess to oxidise organic and inorganic compounds. The reduction of nitrate leads
to an emission of gaseous nitrogen to the atmosphere. This is a stepwise process
that can be described by the pathway

NO−
3 → NO−

2 → NO → N2O → N2.

Since the growth rate of heterotrophic microorganisms is higher than that of
autotrophic microorganisms, the denitrification process is not fully as depen-
dent on a long sludge retention time as the nitrification process. Instead it
relies on sufficient amounts of readily biodegradable substrate and low DO lev-
els in order to convert nitrate into gaseous nitrogen.
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There are many different ways to configure the ASP for nitrogen removal.
The two most common concepts are to use either a post-denitrifying or a pre-
denitrifying plant structure. In a post-denitrifying plant, the aerated compart-
ments are placed before the anoxic. Since the readily biodegradable substrate
in the influent water is here oxidised in the aerated compartments, carbon ad-
dition from an external carbon source is often necessary in the anoxic part. In
a pre-denitrifying plant, the aerated compartments are placed after the anoxic.
The advantage of this structure is that available readily biodegradable sub-
strate in the influent water can be used for denitrification. A drawback is that
water rich in nitrate has to be recirculated from the aerated compartments to
the anoxic where denitrification can take place. For a deeper discussion about
the mechanisms behind the biological processes in ASPs, see also Henze et al.
(1995) and Metcalf and Eddy Inc. (1991).

In addition to the basic conventional activated sludge process described in
this thesis, there exist many variations on this theme. One example of an-
other activated sludge process type is the sequencing batch reactor, which is
a fill-and-draw process where activated sludge is used. There also exist many
other types of biological processes for removal of organic matter and possibly
nutrients from the wastewater. In pond processes, large shallow earth basins
are used for the treatment of wastewater by means of bacteria and algae. In
the same way, wetlands can be used for wastewater treatment, but here the
water is spread over an even larger area. The activated sludge process is an ex-
ample of a suspended-growth process, since the microorganisms are suspended
in the wastewater. In so-called attached-growth processes, the microorganisms
conducting the process are attached to some medium. An example of such a
process is the trickling filter, where the water trickles through a bed of highly
permeable medium (for example rocks) to which the microorganisms are at-
tached. Another example is the rotating biological contactor. Here, closely
spaced circular discs with biological growth rotate in the wastewater. Just as
in the activated sludge process, depending on whether the process conditions
are aerobic, anoxic or anaerobic, the biological processes described above may
be configured for removal of organic matter and different nutrients. Different
processes may also be combined in order to enhance the treatment results. In
Metcalf and Eddy Inc. (1991) a more complete discussion on different processes
and their use is given.

1.4 Modelling and Simulation of Wastewater
Treatment Plants

1.4.1 Mathematical Models

There are a number of different models for the ASP. The by far most commonly
used today is the IWA activated sludge model No. 1 (ASM1), see Henze et al.
(1987). This model describes removal of organic matter, nitrification and den-
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itrification, and is the model used in this thesis. A more recent model, which
also deals with biological phosphorus removal, is ASM2, see Gujer et al. (1995).
The ASM3 model, see Gujer et al. (1999), describes the same phenomena as
the ASM1, but makes up for some deficiencies in that model. Extensive mate-
rial on bioreactor modelling in general and modelling of wastewater treatment
processes in particular can be found in Bastin and Dochain (1990) and Dochain
and Vanrolleghem (2001)

In order to provide some basic understanding of bioreactor modelling, a
simple example is examined here. Consider a completely mixed bioreactor
with one substrate, S, and one biomass, X, according to Figure 1.5.

Q(t)Q(t)

Sin(t)
Xin(t)

S(t)
X(t)

V

Figure 1.5: A completely mixed bioreactor. The reactor has volume V and the
influent flow rate Q is equal to the effluent flow rate. The concentrations of
substrate and biomass are denoted S and X, respectively.

In processes taking place in completely mixed bioreactors, each component
has to follow a basic physical balance which can be expressed according to

Accumulation = Reaction + Inflow − Outflow.

For the concentration of one general process component, Z, the change in
concentration per unit time can mathematically be expressed via the simple
dynamic model (Bastin and Dochain (1990)):

dZ(t)
dt

= RZ(t) +
Q(t)
V

(Zin(t) − Z(t)) (1.1)

where Q is the flow rate, V is the reactor volume, Zin is the concentration
of the process component in the influent water and RZ is the reaction rate
describing biological and chemical processes.

The reaction rate, RZ(t), can be modelled in different ways. A common
choice is to use Monod functions in order to model the specific growth rates (the
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rate of increase in cell concentration per unit cell concentration). The Monod
function describes how the specific growth rate depends on the concentration
of the different substrates. For the simple one substrate process in Figure 1.5
the specific growth rate according to the Monod function is

µ(S) = µmax
S(t)

KS + S(t)
(1.2)

where µmax is the maximum specific growth rate and KS is a half saturation
constant. It is easily seen from (1.2) that the specific growth rate is zero if
the substrate concentration is zero and that it is approximately µmax for large
substrate concentrations.

When the specific growth rate is given by (1.2), the total reaction rate for
the biomass component X is given by

RX(t) = µ(S)X(t). (1.3)

Using the reaction rate in (1.3) together with a yield factor describing the
substrate consumption by the biomass, and the basic structure (1.1) will now
result in the differential equations

dX(t)
dt

=µ(S)X(t) +
Q(t)
V

(Xin(t) − X(t)) (1.4)

dS(t)
dt

= − 1
Y

µ(S)X(t) +
Q(t)
V

(Sin(t) − S(t)) (1.5)

where Y is the yield factor.

As mentioned, there are many other possible ways to model the specific
growth rates. The Haldane law, for instance, takes substrate inhibition into
account. An overview of different specific growth rate models is given in Bastin
and Dochain (1990).

In the ASM1, the number of components is considerably larger and the
reaction rates are far more complicated than in the simple example given in
(1.4)-(1.5). The model includes eight different processes and 13 state variables
describing the concentrations of different compounds. The principle is, how-
ever, the same, and the specific growth rates are modelled as coupled Monod
functions. ASM1 also contains other processes in addition to pure biomass
growth, such as microbial decay, hydrolysis and ammonification. A description
of the ASM1 model is given in Appendix A.

Due to its complexity, ASM1 is hard to calibrate and to use directly for con-
trol purposes. Therefore, many reduced order models and methods for model
simplification have been suggested. One of the methods used for reducing
non-linear models is the singular perturbation technique. This method applied
on bioreactor models is discussed by Bastin and Dochain (1990) and Weijers
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(2000). Another method is the direct use of simplifying assumptions or process
knowledge that reduces the model. In Vanrolleghem (1994), Jeppsson (1996)
and Ingildsen (2002), such simplified model structures are proposed. Model re-
duction via linearisation is discussed in Smets et al. (2003). Grey-box modelling
of Monod kinetics is dealt with in Carstensen et al. (1995). In Lukasse (1999),
identification schemes for simplified models are discussed. A review of respiro-
metric methods for model calibration is given in Vanrolleghem et al. (1999),
and also in Petersen et al. (2000). Besides the methods based on physical mod-
elling, it is also possible to model the ASP using black-box methods. Lindberg
(1998) presents a multivariable model describing nitrification and denitrifica-
tion. The major drawback with these methods is that the model parameters
generally do not have a physical interpretation. The black-box identification
problem in general is described in Söderström and Stoica (1989).

1.4.2 Simulators

With the development of faster computers and more accurate models, the pos-
sibility to efficiently simulate activated sludge processes has increased. If a
sufficiently good model is used and a careful calibration of that model has been
done, it might be possible from simulations to predict the behaviour of a real
plant. However, it should be emphasised that any conclusions about a real
process based on simulation results should be drawn with caution.

Besides forecasting, a simulator can be used for other purposes, for example:

• Education and training.

• Developing process understanding.

• Optimisation.

• Design and evaluation of different automatic control strategies.

Simulators can be constructed in many different ways, using different mod-
els. The result of the simulation reflects the choice of model and the choice
of parameters in that model. Simulators may be equipped with a graphical
user interface (GUI). In a GUI the simulated model is graphically represented,
commonly together with data presentation. Usage of GUIs has become more
common in recent years, and the GUIs have become more technically advanced.
Of course, from the user’s point of view, the layout and construction of the GUI
is of great importance. A well constructed and pedagogic GUI could help to
increase process understanding, while a badly constructed version could be ob-
structive to the learning process.

Today there are many simulators available for simulating the ASP, both
commercial and non-commercial. A few examples of commercial simulators
are EFOR (March 14, 2005), GPS (March 14, 2005), SIMBA (March 14, 2005)
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and WEST (March 14, 2005). Simulation and different simulation software for
WWTPs are more thoroughly treated in Olsson and Newell (1999). An exam-
ple of a non-commercial simulator developed for education and training is the
Java based simulator described in Chapter 2.

An important tool for simulating the activated sludge process is a bench-
mark that has been developed by a working group within the EU research
programs COST 682 and 624, see Alex et al. (1999). In the sequel, the bench-
mark model is referred to as the COST benchmark. In Jeppsson and Pons
(2004) the development and current state of the benchmark is described. An
example of a suggested extension is given in Rosén et al. (2004). For a technical
description, see Copp (2002). This benchmark defines a common simulation
platform that has been implemented in many environments. In its original
definition, the benchmark model consists of five bioreactors described by the
ASM1 in series and a 10 layer one dimensional settler model, see Figure 1.6. To
allow for consistent experiment evaluation, three dynamic data input files are
defined, each describing different weather conditions. The purpose of the simu-
lation benchmark is to provide an objective and unbiased tool for performance
assessment and evaluation of proposed automatic control strategies. A great
benefit of the benchmark is that it allows for comparison of many automatic
control strategies given the same conditions. In the simulation studies in this
thesis, one of the tools used is the benchmark and simplified models describing
this setup. The benchmark plant setup is also implemented in the Java based
simulator described in Chapter 2.

Influent Effluent

Excess sludge

Internal recirculation

Sludge recirculation

Settler

AerobicAnoxicAnoxic AerobicAerobic

Figure 1.6: Schematic representation of the benchmark model.

1.5 Control of Wastewater Treatment Plants

Few sciences have so many application areas as automatic control. Automatic
control is used in many industrial processes, among which wastewater treat-
ment is one. To control a process, it must be possible to affect it with some
control signal. In general, the aim of the control is to keep some state of the
process at a desired value, despite disturbances. Nowadays, most controllers
are implemented in computers, and advanced algorithms may thus be used for
computing the control signal. General sources of information on the topic of
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automatic control theory are, among many others, Åström and Wittenmark
(1995), Åström and Wittenmark (1990), Åström and Wittenmark (1995), Sko-
gestad and Postlethwaite (1996), and Goodwin et al. (2001).

Traditionally there has been little interest in using advanced control strate-
gies in wastewater treatment. There are several possible explanations for this,
see Olsson (1993). For instance, since treating wastewater has been considered
to be a non-productive process, it could be hard to prove and point out that
long-term profits could be obtained by introducing an advanced control sys-
tem. The introduction of the control system, in its turn, is often associated
with short-term investment costs that are readily visible. Another part of the
problem has been the equipment at the plants. Unreliable sensors and bad
actuators have in many cases made attempts towards advanced control less ef-
ficient. A historical perspective on automatic control in Swedish WWTPs can
be found in Olsson et al. (1998).

However, the development towards tighter effluent demands and better
equipment have contributed to an increasing interest in applying advanced
control strategies for WWTPs. In Jeppsson et al. (2002), it is stated that the
nations having the highest levels of instrumentation and automatic control have
also been the most successful in fulfilling the stricter effluent demands imposed
by the European Community. Bastin and Dochain (1990), Lindberg (1997),
Lukasse (1999), Olsson and Newell (1999), Weijers (2000) and Ingildsen (2002)
propose several model based automatic control strategies. The paper Yuan and
Keller (2004) discusses control of the nitrogen removal in an overarching sense.
An overview of the existing sensor technology available for monitoring and
control is given in Vanrolleghem and Lee (2003). The development of better
sensors has not been followed by the same development in the area of automatic
control. This can be explained by the fact that sensors are often expensive and
may require large maintenance efforts. This may decrease the interest in using
more advanced control strategies, especially in countries (for instance Sweden)
where fees for pollutant discharges have not been implemented. The current
development and future challenges in instrumentation and control of WWTPs
are further discussed in Olsson (2005), which states that economic realities
should encourage the use of instrumentation and control in order to fully use
plant capacities. The paper also discusses the current international develop-
ment and future challenges in the area.

Some general incentives for using advanced control strategies in WWTPs
are (see Olsson and Newell (1999) for a thorough discussion):

• To make it possible to meet stricter effluent demands.

• To achieve cost efficient solutions, i.e. to optimise the operation in order
to minimise operating costs.

• To dampen the impact of process disturbances, since the load to a WWTP
generally shows large variations.
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• To replace the current manual control procedures which have difficulties
with the very complex processes found in many WWTPs.

In particular, the overall goal of achieving cost efficient solutions should of
course be kept in mind when designing automatic control strategies for enhanc-
ing the process performance. For instance, it is clear that if the demands on
effluent quality become stricter, the energy consumption and use of chemicals
will increase, and it will become more important to achieve the lowest possible
level for the operational costs. Furthermore, when dampening the impact of
process disturbances, the control strategy should not overdose chemicals or use
an excessive amount of energy. There are many ways of striving to attain high
performance control to the lowest possible cost. If measurements of the distur-
bances are available, these could be invoked in the control law. The controller
set-points could be optimised in order to ensure that the process is running
in an economically sound operating area, see for example Yuan et al. (1997),
Ingildsen et al. (2002a) and Yuan and Keller (2003). The on-line minimisation
of a multi-objective criterion describing the operational costs and control per-
formance is also possible. For such attempts to be meaningful, it is important
that the demands on the effluent water somehow be incorporated into the con-
trol strategy, possibly directly in the cost function if fees for pollutant discharge
are available. The effluent demand could also be incorporated as a constraint
in the control design. It is often hard to minimise the operational costs di-
rectly, but taking operational costs into account could also help in designing
a sub-optimal control law from process knowledge. The topic of economic op-
timisation of WWTPs can, for instance, be found in Vanrolleghem and Gillot
(2002) and Cadet et al. (2004). The paper Devisscher et al. (2005) discusses
how to evaluate costs and benefits of advanced automatic control strategies. In
this thesis, optimal operating ranges and economic control of the denitrification
process are discussed in Chapter 7.

1.5.1 Common Control Concepts Explained in Relation
to Wastewater Treatment

The purpose of this section is to explain some important control concepts and
methods and to put them in relation to wastewater treatment. The aim is of
course not to give an extensive description on control related matters in general,
but rather explain some terminology and methods that are used or discussed
in the following chapters of the thesis.

It is possible to describe the general objective of automatic control as mak-
ing the output signals of some system, y, behave in a desired way by manipu-
lating certain input signals, u, that affect the behaviour. The equation or rule
used to calculate the input signal values are usually referred to as the control
law or the controller. If a mathematical model of the system is used to de-
termine the control law, the control is said to be model based. When dealing
with nitrogen removal in wastewater treatment, typical output signals are am-
monium and nitrate concentrations and typical input signals could be air flow
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rates, the flow rate of an external carbon source and the internal recirculation
flow rate. In the general objective description above, it is possible to distin-
guish between two sub-problems. In the servo problem, the main objective is
to manipulate the input signal in order to keep the output signal close to some
time-varying set-point value, say r. In the regulator problem, the objective is
instead to manipulate the input signal in order to attenuate the impact of pro-
cess disturbances in the output signal. In this case the set-point value is often
constant. Due to the presence of large process disturbances, such as influent
flow rate variations and concentration variations in influent water, the regula-
tor problem is the most interesting in the area of wastewater treatment. This
also holds in general for process industrial applications of automatic control.
Today, practically all new control systems are implemented in computers. The
computers are used for measuring the output signals and for calculating and
applying a suitable control signal.

A very basic concept and an intuitively sound approach to obtain a desired
output signal behaviour is to use information from measurements or estimates
of the output signal. If such information is used to control the system, this is
commonly referred to as feedback control. Usually, the difference between the
set-point value and the measured output signal value (the control error) is used
to calculate an appropriate value of the input signal. Feedback control is used
in many wastewater treatment applications, such as control of DO concentra-
tions, nitrate and ammonium concentrations and phosphate concentrations. In
feedforward control, information from measurements or estimates of the pro-
cess disturbances are incorporated in control law. Using such information may
certainly enhance the ability of the control system to attenuate the impact of
the disturbances, since the controller will react faster when the influent load
changes. At the same time, feedforward control may also help to decrease op-
erational costs, since the control signals (for instance dosage of chemicals and
aeration) are decreased more rapidly during periods of low load. In wastewa-
ter treatment, a common example of feedforward control is flow proportional
dosage of precipitation chemicals for phosphorous removal. It could generally
be recommended that feedforward control should be combined with feedback
control in order to avoid overdosing chemicals, since in pure feedforward con-
trol no information about actual output signal values is included in the control
law. There are many examples of combined feedforward–feedback approaches
used to control the nitrogen removal described in the literature, see Yuan et al.
(1997), Ekman et al. (2003), Vrecko et al. (2003) and chapters 3 and 4 of this
thesis for some examples.

Supervisory (cascaded) control is another basic control concept. Here, a su-
pervisory controller is used to calculate the set-point of another controller. This
makes it possible to use information from intermediate signals in the control.
A typical WWTP related example is control of the ammonium concentration
in the activated sludge process. Given the set–point values of ammonium and
measurements of the actual ammonium concentration, the supervisory con-
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troller calculates an adequate set–point for the DO concentration controller.
There are many examples of supervisory control applied in the wastewater
treatment area, see for instance Nielsen and Lyngaard-Jensen (1993), Lindberg
and Carlsson (1996b) and Lindberg (1998). More examples are given in Section
1.5.2. A supervisory DO controller is also discussed in Chapter 2.

In practice, most processes are multivariable to some extent. This means
that the process has several input signals and several output signals. A change
in one of the input signals may cause a change in several output signals. Many
such examples can be found in wastewater treatment. Consider for instance
that the DO concentration of the aerobic compartments of an ASP is increased
in order to enhance the nitrification process. A raised DO level will also in-
crease the oxidation of biodegradable organic matter, which in turn may affect
the denitrification process and increase the need for external carbon addition.
If each input signal of a multivariable system mainly affects one output signal
without perturbing the behaviour of other output signals too much, decen-
tralised control might be used. This means that each input signal is chosen to
control one specific output signal and the interactions in the different control
loops are neglected. Thus, the multivariable control problem is reduced to a
number of control problems with one input and one output signal. If, how-
ever, the interactions are more severe, a multivariable controller might be the
best choice. In such a case, the controller calculates suitable input signal values
based on all output signal values. When dealing with multivariable control, the
structure of the multivariable controller should be as simple as possible. An
intriguing question arising when considering multivariable approaches is how to
determine suitable control structures: When is it sufficient to use decentralised
control, i.e. when may one input signal be used to control one specific output
signal and how should this pairing be done? If the channel interactions are
not too severe, can a reduced order multivariable controller be employed in the
control law? Investigations of the interactions in models describing WWTPs
can be found in Ingildsen (2002), Samuelsson et al. (2005b), Halvarsson et al.
(2005) and in Chapter 6 of this thesis where the results are used to determine
a relevant reduced order control structure. The topic of multivariable control
of WWTPs is also briefly discussed in Section 1.5.2, where more references to
multivariable control of ASPs are also given. There are many possible sources
of information on the topic in general, see for example Skogestad and Postleth-
waite (1996).

In reality, most processes are not only multivariable, but also behave in a
non-linear fashion. This means that the behaviour in terms of gain and time
constants may differ between different operating areas. A general form of a
model describing a non-linear system is

ẋ = f(x, u)

where u is a vector containing the input signals and x is a vector containing the
state variables. The ASM1 is an example of a non-linear differential equation
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model, since the Monod functions used to model the growth rates are non-
linear. As an example, consider the simple one substrate modelling example in
Section 1.4, where the reaction rate was

RX(t) = µmax
S(t)

KS + S(t)
X(t)

which is clearly non-linear in the component concentrations S. Besides the
growth rate, wastewater treatment processes and models of such processes may
also contain other non-linearities such as non-linear valves and the non-linear
oxygen transfer function. A common procedure in control of non-linear systems
is to approximate them by a Taylor expansion as a linear system in the form

ẋ = Ax + Bu

and to use ordinary linear theory to design a suitable control law, see Chapter
6 of this thesis for an example. If the system is not well approximated by
a linear model or if it is desired to have one control law that yields a good
performance independently of the operating point, it might be necessary to
take the non-linearity into account in the controller design. This in general
provides a control law that is also non-linear. One possibility is to design a
non-linear control law that guarantees global (or at least local) stability of the
system. Another option is to linearise the system exactly by incorporating the
linearisation into the feedback control law, i.e. to achieve exact linearisation
via feedback. Simply expressed, this can be done by choosing the input signals
so that the non-linearities of the system are cancelled out. A drawback of the
method when applied to wastewater treatment systems is that it often results
in fairly complicated expressions which may be difficult to realise in practice.
Another problem is the impact of model errors. With model errors present, the
system will not be exactly linearised, and the behaviour of the feedback system
could be difficult to analyse. The above explanation of exact linearisation via
feedback is very simplified and the theory on the subject is in reality quite in-
volved, see for instance Khalil (1996) for a thorough description. Applications
of the theory on the ASM1 can be found in Milocco and Carlsson (2001) and
in Chapters 4 and 5 of this thesis. Other examples of non-linear control appli-
cations related to wastewater treatment can be found in Dochain and Perrier
(1993), Lindberg and Carlsson (1994), Nejjari et al. (1999), Mailleret et al.
(2004) and Ekman (2005).

1.5.2 Control of Nitrogen Removal – Common Strategies

A first step in the design of an automatic control strategy is to determine which
signals to control, which signals to measure or estimate, and which control
signals to use. In Olsson and Jeppson (1994), cause-effect relationships for the
ASP are established. In a WWTP, there are many variables that can be used
for affecting the nitrogen removal. Only a few of the possible control strategies
are outlined here, and the discussion is concentrated on variables affecting the
nitrogen removal. It should, however, be noted that is also common to control
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the addition of precipitation chemicals used for phosphorus removal, see for
instance Devisscher et al. (2002). Control of biological phosphorus removal can
be found in Munk-Nielsen et al. (2001) and Ingildsen et al. (2005).

• Control of the DO concentration. As mentioned earlier, in order for ni-
trification bacteria to convert ammonium to nitrate, oxygen is needed.
DO control has been practised for many years, and several variants exist.
See for example Olsson et al. (1985) for cascaded DO control and Lind-
berg and Carlsson (1996b) for non-linear control of the DO. An approach
using auto tuning is found in Carlsson et al. (1994). In Sahlmann et al.
(2004), a control strategy for reducing the operational costs associated
with aeration is outlined. The papers by Lira et al. (2003) and Lira et al.
(2004) consider estimation and control of DO concentrations in sequenc-
ing batch reactors. A recently published feedforward DO control strategy
can be found in Trillo et al. (2005). Control of the DO concentration in
the ASP is also discussed in Chapter 5 of this thesis.

• Instead of using a fixed DO set-point, the DO set-point can be manipu-
lated via a supervisory controller in order to control the ammonium con-
centration, see among others Lindberg and Carlsson (1996b), Lindberg
(1998), Olsson and Newell (1999), Waltin (2000), Suescun et al. (2001),
Galarza et al. (2001a), Serralta et al. (2002), Ingildsen et al. (2002b),
Meyer and Pöpel (2003), Rieger et al. (2003), Alex et al. (2003), Ayesa
et al. (2005) and Vrecko et al. (2005).

• The aeration volume can be used to control the nitrification. A strategy
for this is presented in Chapter 4, see also Hoen et al. (1996), Brouwer
et al. (1998), Samuelsson and Carlsson (2002), Krause et al. (2002) and
Svardal et al. (2003). The aeration volume is also manipulated in the
works by Meyer and Pöpel (2003) and Alex et al. (2003).

• When there is a lack of readily biodegradable substrate in the influent
water, or when a post-denitrifying plant structure is used, addition of an
external carbon source is commonly used to improve the denitrification.
In Chapter 3 and in Samuelsson and Carlsson (2001) such a control strat-
egy is presented. Examples of carbon dosage control can also be found in
Isaacs et al. (1993), Hallin et al. (1996), Lindberg and Carlsson (1996a),
Yuan et al. (1997), Barros and Carlsson (1997), Bengtsson (1998), de Ar-
ruda and Barros (2001), Milocco and Carlsson (2001), Wik et al. (2003),
Yuan and Keller (2003) and Yuan (2005).

• Control of hydraulic variables

– Control of the internal recirculation flow rate. In Carlsson and Rehn-
ström (2002) and Ekman et al. (2001) a control strategy that com-
bines addition of an external carbon source with control of the inter-
nal recirculation flow rate is designed and evaluated. The study in
Carlsson and Rehnström (2002) is performed on the COST bench-
mark described in Section 1.4.2. Control of the internal recirculation
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flow rate is also explored in Suescun et al. (2001), Vrecko et al. (2002)
and Yuan et al. (2002a).

– The influent flow rate. By using storage volumes, it is possible to
equalise the variations in influent flow rate. Thus an important part
of the process disturbances is reduced. See for instance Nyberg et
al. (1996) for an example of this strategy.

– The sludge recycling flow rate. Simulations on the COST benchmark
suggest that control of the sludge blanket height could improve the
nitrate removal, see Yuan et al. (2001).

– The excess sludge flow rate can be used to control the sludge age.
See Vaccari and Christodoulatos (1989) for a discussion.

With the development of modern control technologies, it has also become
possible to use multivariable approaches and control a number of outputs using
a number of control signals. In Lindberg (1997) the DO set-point, the external
carbon flow rate and the internal recirculation flow rate are used for simulta-
neous control of the nitrification and denitrification. Weijers et al. (1997) and
Garćıa-Sanz and Ostolaza (1998) also discuss multivariable approaches. As
mentioned in Section 1.5.1, investigations of the multivariable interactions in
models describing WWTPs can be found in Ingildsen (2002) where the well
known relative gain array is employed to decide suitable input-output pair-
ings in decentralised control laws. In Samuelsson et al. (2005b), Halvarsson et
al. (2005) and in Chapter 6 of this thesis, the multivariable interactions in a
WWTP model are investigated by using the system’s Hankel norm.

1.6 Outline of the Thesis

This section presents a brief summary of the remaining chapters in the thesis.

In Chapter 2, a Java based simulator of the activated sludge process is pre-
sented. The intention with the development of the simulator was to construct
a user friendly simulation platform. A guideline was that both plant person-
nel and academic undergraduate students should be able to use the simulator
to increase their process knowledge. The simulator is also used as a tool to
illustrate the importance of automatic control strategies. The implemented
simulation model is the ASM1. A settler is also implemented, using an one-
dimensional layer model. The GUI is another important part of the simulator.
From the GUI, it is possible to change different parts of the simulation setup
on-line. Simulation results are also presented on-line in the GUI. From practi-
cal experiences of laboratory work, the simulator is believed to be user friendly,
and therefore most useful for educational purposes. Since the simulator can be
loaded via the Internet, it is also suitable for distance education. The possibil-
ity to run the simulator via the Internet using a standard browser makes the
simulator easily accessible. This chapter is partly published as:
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Samuelsson, P., M. Ekman and B. Carlsson (2001). A Java based simulator
of activated sludge processes. Journal of Mathematics and Computers in
Simulation, 56(4–5), 333–346.

Ekman, M., P. Samuelsson and B. Carlsson (2001). Control strategies in a
Java based activated sludge process simulator. In: Proceedings of the 1st
IWA Conference on Instrumentation, Control and Automation, Malmö,
Sweden, June 3–7, pp 539–546.

Carlsson, B. and P. Samuelsson (1999). A Java based simulator for acti-
vated sludge processes. In: Proceedings of the Third International Sym-
posium on Mathematical Modelling and Simulation in Agricultural and
Bio-Industries, Uppsala, Sweden, June 7–9, pp 127–132.

A feedforward controller for the external carbon flow rate is presented in
Chapter 3. The controller is based on steady state analysis of a simplified
ASM1 model. The main control objective is to keep a low constant nitrate
concentration in the last anoxic compartment despite variations in influent
load. Although the control law is simple, load variations are quickly atten-
uated compared to when ordinary PID feedback control is used. It is also
discussed how to choose a feasible nitrate set-point. A strategy for estimating
the heterotrophic yield is also developed. Parts of the material in this chapter
are found in:

Samuelsson, P. and B. Carlsson (2001). Feedforward control of the external
carbon flow rate in an activated sludge process. Water Science and Tech-
nology 43(1), 115–122. Also presented in Proceedings of the 1st World
Water Congress of the International Water Association, Vol. 3, Paris,
July 3–7 2000, pp 76–83. A shorter version is also available in: Preprints
of Reglermöte 2000, Uppsala, Sweden, June 7–8 2000, pp 101–106.

Samuelsson, P. and B. Carlsson (2000). Feedforward control of the external
carbon flow rate in an activated sludge process. Technical Report 2000-
005. Dept. of Information Technology, Uppsala University. Uppsala,
Sweden.

Chapter 4 presents a model based feedforward strategy for controlling the
aeration volume in an ASP. The controlled output is here the ammonium con-
centration in the last aerated compartment. The control objective is to reject
process disturbances quickly, without needing excessively high DO levels. Ex-
act linearisation is used in the controller derivation. A discussion on how to
implement the control strategy in practice is provided, and it is suggested how
to discretise the control law with respect to volume. The resulting control law
combines volume control with supervisory control of the DO set-points. Sim-
ulation results seem promising. A simplified scheme based on the proposed
model based controller is also suggested and evaluated. Parts of the chapter is
also described in:

Samuelsson, P. and B. Carlsson (2001). Control of the aeration volume in
an activated sludge process for nitrogen removal. Water Science and
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Technology 45(4–5), 45–52. Also presented in: Proceedings of the 1st
IWA Conference on Instrumentation, Control and Automation, Malmö,
Sweden, June 3–7 2001, pp 43–50.

A linearisation procedure for static input non-linearities is presented in
Chapter 5. In the traditional approach, the linearisation is achieved by invert-
ing the static nonlinearity. This may lead to difficulties if the analytical inverse
is hard to obtain (such as is the case with a higher order polynomial). One
solution is then to approximate the non-linearity with functions that are easy
to invert. In the approach presented here, the inverse is instead implicitly real-
ized via differentiation of the output of the non-linearity with respect to time.
In the chapter, implementational issues are discussed. The impact of model
errors is analysed and illustrated by simulations. It is shown that the method
is equivalent to the traditional approach when model errors are present. As
an extended example, the DO dynamics of an activated sludge process are also
linearised. The main conclusion is that the method provides an attractive al-
ternative to the standard method. The original papers describing the method
are:

Samuelsson, P., H. Norlander and B. Carlsson (2005). An Integrating Lin-
earization Method for Hammerstein Models. Automatica 41(10), 1825–
1828. An earlier version is presented in: Proceedings of Reglermöte 2004,
Göteborg, Sweden, May 25–27 2004.

Samuelsson, P. and B. Carlsson (2004). Linearization of Static Input Nonlin-
earities. Technical Report 2004-008. Dept. of Information Technology,
Uppsala University. Uppsala, Sweden.

Chapter 6 considers the problem of multivariable channel interaction in
the activated sludge process. In particular, nitrate removal in an activated
sludge process configured for pre-denitrification is studied. The objective is to
control the concentrations of nitrate in the anoxic and aerobic compartments by
manipulating the internal recirculation flow rate and the influent concentration
of readily biodegradable organic matter. To evaluate the degree of channel
interaction, two different tools are compared: the well known relative gain
array and the more recently developed Hankel interaction index array. The
results of the analysis are discussed from a process knowledge point of view,
and are also illustrated with control experiments. It is concluded that the
Hankel interaction index array gives a deeper insight about the actual cross
couplings in the system. This insight is also used in order to design a suitable
structured multivariable controller. The work presented in this chapter have
partly been published in:

Samuelsson, P., B. Halvarsson and B. Carlsson (2005). Interaction Analysis
and Control Structure Selection in a Wastewater Treatment Plant Model.
IEEE Transactions on Control Systems Technology 13(6) (To appear).

Halvarsson, B., P. Samuelsson and B. Carlsson (2005). Application of Cou-
pling Analysis on Bioreactor Models. In:Proceedings of 16th IFAC World
Congress, Prague, Czech Republic, July 4–8 2005.
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Samuelsson, P., B. Halvarsson and B. Carlsson (2004). Analysis of the input
output couplings in a wastewater treatment plant model. Technical Re-
port 2004-014. Dept. of Information Technology, Uppsala University.
Uppsala, Sweden.

In Chapter 7, possible choices of economically optimal set-points and cost
minimising control strategies for the denitrification process in an activated
sludge process are discussed. In order to compare different criterion functions,
simulations utilising the European COST benchmark are considered. The re-
sults are visualised by means of operational maps. It was found that there are
set-point areas where the process can be said to be efficiently controlled in an
economic sense. The location of the optimum does not seem to be very sensi-
tive to changes in the ASM1 model parameters. With an appropriate nitrate
cost function, the legislative authorities can place this economic optimum in an
area where the effluent regulations are also met. How efficient control can be
accomplished is also discussed. The results of this chapter are partly available
as:

Samuelsson, P., B. Halvarsson and B. Carlsson (2005). Economical efficient
operation of a denitrifying activated sludge plant. Submitted.

Samuelsson, P., B. Halvarsson and B. Carlsson (2005). Economical efficient op-
eration of a denitrifying activated sludge plant – An initial study. Tech-
nical Report 2005-010. Dept. of Information Technology, Uppsala Uni-
versity. Uppsala, Sweden.

Chapter 8 gives some general conclusions and suggests some possible topics
for future research. Possible ways to continue working with the methods sug-
gested in this thesis are discussed, as are some ideas relating to these methods.
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Chapter 2
A Java Based Simulator for
Activated Sludge Processes

MODELLING and simulation studies are becoming more and more com-
mon in the wastewater treatment area. Typical application areas include

process design, controller design, optimisation, forecasting, and research. Sev-
eral simulators and models of the activated sludge process have been developed
during the last 15 years, see (Olsson and Newell 1999). It is, however, fair to
conclude that most simulators have not been used very much by plant opera-
tors. There are several reasons for this, but one major cause is that the simula-
tors so far have not been very user friendly. Here, a simulator for the activated
sludge process, which is believed to be more user friendly than most existing
simulators is presented. The simulator is known under the name JASS (Java
based Activated Sludge process Simulator) and can be found via the homepage
JASS (May 17, 2005). It also has some other advantages to be discussed below.

1. The simulator is implemented in the programming language Java and can
hence be run via Internet using an ordinary browser such as Mozilla or
Microsoft Explorer.

2. The simulator is easy to understand and run. For example, to change a
flow rate, the user needs just to click on the corresponding pump symbol,
and enter the desired flow rate in a dialog box.

3. A novel graphical user interface (GUI) is used to present process infor-
mation in a comprehensive way.

4. Special concern has been devoted to implement automatic control strate-
gies including DO control, supervisory DO control, external carbon flow
rate control and control of the internal recirculation flow rate.

Items 1-3 are believed to make the simulator ideal for educational and train-
ing purposes. Item 4 may be a tool to promote the benefits of using automatic

29
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control in WWTPs. With the increased use of the Internet, the simulator may
be used also for distance education.

The chapter is organised as follows: In Section 2.1 the underlying model and
the implementation of the original JASS simulator as described in Samuelsson
et al. (2001) are discussed. The originally implemented control strategies are
shortly presented in Section 2.2. In Section 2.3 experiences of JASS as a tool for
teaching and training are reviewed. Section 2.4 gives an overview of more recent
modifications of the simulator. The conclusions are summarised in Section 2.5.

2.1 The Model and the Implementation

The underlying process model used in the simulator is the IWA Activated
Sludge Model no 1. In Appendix A the ASM1 model is thoroughly described,
see also Henze et al. (1987) and Jeppsson (1996) for a general model description.
Three different processes are described by the model, removal of organic matter,
nitrification and denitrification. The model contains 12 different components,
see Table 2.1. The behaviour of each component is described by a nonlinear
differential equation. ASM1 is probably the most used advanced model for the
activated sludge process. When simulating the activated sludge process in a
WWTP, it is also necessary to model a settler since biomass must be settled
and recirculated back into the process. The sedimentation unit is modelled as
a traditional one-dimensional layer model. The settler is an important part
of the activated sludge process and is used for two purposes: clarification and
thickening. In a settler, particulate matter in the water from the bioreactor
sink to the bottom of the settler (thickening), and clear water is produced
(clarification) and removed in the top of the settler. The sludge is recirculated
to the bioreactor to maintain a desired biomass level. Many different settler
models can be found in the literature. Grijspeerdt et al. (1995) performed a
comparative study where it was found that the model by Takács et al. (1991)
gave the most reliable results. This model is therefor used in the simulator.
Some information about the used settler model is given in Appendix A, see
also Takács et al. (1991) for details.

In the default version of the simulator, an activated sludge process with
post-denitrification is implemented. The implemented process consists of a
basin divided into 10 completely mixed compartments, each modelled by ASM1,
and a settler. This structure is depicted in Figure 2.1. The number of com-
partments is fixed. However, the settings are possible to change in order to
simulate e.g. a pre-denitrifying plant. The settler is modelled with 10 vertical
layers. All differential equations are solved with a fourth order Runge-Kutta
method with time step 0.01 h. Since the simulated activated sludge process
is divided into compartments, the use of an object oriented language, such as
Java is natural. Each compartment is implemented as an instance of a class,
which makes the structure of the program simple. The settler is an instance of
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SNH(t) soluble ammonium nitrogen
SNO(t) soluble nitrate nitrogen
SND(t) soluble biodegradable organic nitrogen
SO(t) dissolved oxygen
SS(t) soluble readily biodegradable substrate
SI(t) soluble inert organic matter
SALK(t) alkalinity
XB,A(t) active autotrophic biomass
XB,H(t) active heterotrophic biomass
XND(t) particulate biodegradable organic nitrogen
XS(t) slowly biodegradable substrate
XI(t) particulate inert organic matter and products

Table 2.1: Different components included in the model. Observe that in the
ASM1 version presented here, particulate and inert organic matter have been
lumped into one component.

another class. Another advantage with Java is its support for multi-threading
and graphics, which are important features when constructing GUIs.

excess sludge

recirculated sludge

internal recirculation

effluent water

influent
external

settler
carbon

Figure 2.1: Schematic layout of the activated sludge process in the simulator.

The simulator is operated from a GUI where also the status of the plant is
shown in real time, see Figure 2.2. In the lower part of the GUI, the layout of
the simulated plant is shown. Some interactivity is built into this picture, fun-
damental settings such as aerated compartments and active pumps are shown.
The picture also contains clickable fields. When a text field is activated, new
windows, either used for presenting data or changing process parameters, ap-
pear. To increase clarity, the fields are located as near the corresponding part
of the process picture as possible. For instance, text fields containing informa-
tion connected to the settler are displayed close to the settler.
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Figure 2.2: The graphical user interface in the first version of the simulator
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To improve the presentation of simulated process parameters, three bar di-
agrams are used. Each bar diagram displays the concentration of a selectable
component in influent water, all compartments, the recirculated sludge and the
effluent water. Numerical values of the concentrations are also presented. In
the GUI an ordinary graph is also used. The concentrations of two components
in a selectable compartment can be plotted versus time. The functions in the
simulator are generally very easy to learn. For more detailed information and
a users manual, see Samuelsson (1998).

2.2 Control Strategies

In the first version of the simulator as described in Samuelsson et al. (2001),
four control strategies were implemented:

• DO control. The air flow rate is controlled so that the DO concentration
is kept close to some set-point. A standard PID controller which can be
tuned from the GUI is used. This DO control strategy is standard, and
not further discussed here.

• Supervisory DO control. Given a desired ammonium level and a measure-
ment of the ammonium concentration in the last aerated compartment, a
supervisory controller calculates the set-point for the DO controller above.
The controller is a standard PID and can be tuned from the GUI. The
control strategy works for both pre- and post-denitrifying configurations.
In the GUI it is possible to choose between standard DO control and
the supervisory DO control strategy. This controller is further discussed
below.

• External carbon flow rate control. The flow rate of external carbon is
used to control the nitrate level in the last anoxic compartment. Here, a
feedforward strategy based on a simple mass balance is applied together
with a feedback controller. Only the nitrate set-point can be changed
from the GUI. This controller is discussed in detail and illustrated with
simulations in Chapter 3.

• Excess sludge flow rate control. It is possible to run the simulator with
a fixed sludge age. By entering the desired sludge age, the corresponding
excess sludge flow rate is calculated and used in the simulation.

2.2.1 Supervisory Control of the DO Set-Points

The nitrification bacteria in the aerobic compartments require a sufficient high
concentration of DO in order to obtain a satisfactory nitrification. On the other
hand an excessively high DO level will lead to an unnecessary high energy con-
sumption. In the case when a pre-denitrifying structure is used on the plant,
a too high DO level in the internally recirculated water may also inhibit the
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denitrification, see Olsson and Jeppson (1994).

Presently, the most common DO control strategy is to use a fixed DO set-
point. The goal of the DO control is to keep a constant DO level by varying the
airflow rate. An interesting alternative to a constant DO set-point is to control
the DO set-point from on-line measurements of the ammonium concentration,
see Lindberg and Carlsson (1996b) and Lindberg (1997), letting the ammonium
concentration in the last aerated compartment determine a time-varying DO
set-point. This offers the possibility to design a supervisory DO controller, also
known as cascade control, see Figure 2.3. The supervisory DO controller aims
to maintain an ammonium concentration set-point in the last aerated compart-
ment by varying the DO set-point. If the ammonium concentration is chosen
properly, the controller may give a lower average DO set-point, compared to
when a constant DO set-point is used, which saves energy. Other advantages
may be better control of effluent ammonium, lower nitrate concentration in the
effluent because of improved denitrification (due to a lower average DO) and a
decreased need of external carbon, see Lindberg (1997).
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� �
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Figure 2.3: A block diagram for the DO set-point controller. The time-varying
DO set-point is determined by the ammonium concentration in the last aerobic
compartment. The superscript sp denotes the set-point. The same DO set-
point is fed to all DO controllers.

In the simulator, a supervisory DO controller has been successfully imple-
mented. The PID-parameters have been manually tuned and can be changed
from the GUI. The ammonium concentration is measured in the last aerated
compartment and the controller works for post-denitrification as well as for
pre-denitrification. Some simulation results can be found in Samuelsson et al.
(2001).

2.3 JASS as a Teaching and Training Tool

Since 1998 the JASS simulator has been used as an integrated teaching tool
for undergraduate students and WWTP personnel. Currently, more than 200
students have been using the simulator in our course ”Wastewater treatment”
given in the Aquatic and Environmental MSc program at Uppsala University.
Further, around 100 participants from Swedish WWTPs have been using the
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simulator in a 3 day course entitled ”Automatic Control in WWTPs”. This
course has been given several times. The simulator has also been used by some
other universities, and special editions of the simulator have been developed
for three WWTPs. Besides this, the simulator has also been used in external
courses in Argentina and Brasil. The simulator is run via Internet with a stan-
dard browser. This feature is especially appealing for distance courses, which
is an interesting topic for further consideration. It can be concluded that the
simulator has been very appreciated by students and plant personnel. Below
some experiences from the courses are given.

The simulator is mainly used for illustrating various aspects of nitrogen
removal in the ASP. Typical issues that are studied are advantages and disad-
vantages with pre- and post-denitrification processes. As an example, the need
for an external carbon source is illustrated in the latter case. Other aspects
which are illustrated is the risk for wash-out if a too low sludge age is chosen,
and the risk for sludge overflow in the settler if a too high sludge age is selected.
Another use of the simulator is to illustrate and motivate various automatic
control strategies.

A problem when the simulator is used for students is to find suitable pen
and paper problems for the students to do as preparation exercise and dur-
ing the simulation session. It is important to have instructions which include
some theoretical exercises and verifications since this reduces the risk that the
students just push buttons and passively write down the simulation results
without any reflections. It is also important to emphasise that the simulator
uses a very idealistic model of an ASP. For example, the well known problem
with malfunctioning sensors are not encountered in the simulator. Further, the
difficult problem to calibrate a model like the ASM1 to a specific plant must
not be underestimated.

When using the simulator as a training and teaching tool for personnel
from WWTPs it is important to recognise that their background and skills
differs a lot. Also, the experience of using computers may be limited for some
participants. In the course, morning sessions are devoted to theory, including
automatic control and microbiology. In the afternoon sessions, the simulator
is used to further illustrate various aspects of the activated sludge process. In
order for the simulation session to be appreciated by all types of plant personnel
it is important to have quite simple (but meaningful) laboratory instructions.
It can also be fruitful to have non compulsory exercises where more advanced
material is covered. The next session after a simulation session is usually
started by going through the lab exercises, which also serves as a repetition.
It has been found that the user interface implemented in the JASS simulator
has been easy to use and interpret by plant personnel. A big advantage is that
users, almost immediately can start to simulate and interpret the results. On
the other hand, many operators want to start to simulate their ”own” plant
immediately. A drawback with the JASS simulator is that it is not possible to
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change the basic layout drastically without programming.

2.4 Recent Modifications of the JASS Simula-
tor

When referring to the first version of the simulator in the previous text, the
simulator version presented in Samuelsson et al. (2001) is thereby meant. The
first implementation of the simulator was however performed as a MSc thesis
work, see Samuelsson (1998), and a first version of the simulator was available
on-line in 1998. Since then, many major and minor modifications of the simu-
lator has been done and my contributions have been at an advisory rather than
a practical level. The one-dimensional settler model was implemented mainly
by Mats Ekman in 2001. Mats Ekman was at this time also main responsible
for the implementation of a feedforward control strategy for manipulating the
internal recirculation flow rate in order to control the effluent nitrate concentra-
tion in pre-denitrifying systems, see Ekman et al. (2001) for details. A major
revision of the simulator in general and the GUI in particular was made in 2002
as a MSc thesis work by Gustav Grusell, see Grusell (2002). The new GUI is
shown in Figure 2.4. The most important changes noticeable to the user made
by Grusell (2002) are listed below.

• It is now possible to choose between some different initial simulator set-
ups. A pre-denitrifying configuration with 10 compartments, a post-
denitrifying configuration with 10 compartments and a configuration sim-
ulating the COST benchmark are currently available.

• Numerical values for treatment results concerning chemical oxygen de-
mand, biological oxygen demand, nitrogen and suspended solids are pre-
sented on-line in the GUI. Also, parameters describing the sludge prop-
erties are displayed.

• The external carbon flow rate controller described in Section 2.2 have
been altered to a standard PID controller. It is possible to change the
set-point and the PID parameters for the controller via the GUI.

• The internal recirculation flow rate controller described in Section 2.2
have been altered to a standard PID controller. It is possible to change
the set-point and the PID parameters for the controller via the GUI.

• The status of the settler unit is displayed on-line in the picture showing
the plant configuration. The darker the colour in the settler, the higher
the sludge concentration in the corresponding layer.

• Most colours in the GUI has been changed in order to give a more user
friendly simulator.

• The communication between the user and the ongoing simulations can
now mostly be handled via traditional menus (several of the text fields
have been removed) which gives a clearer GUI.
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Figure 2.4: The graphical user interface in the latest version of the simulator.

To this day, JASS is still an active and developing simulator. As an example, it
is now possible to simulate a plant utilising biological phosphorus removal via
the JASS homepage JASS (May 17, 2005). The implementation of this set-up
has been carried out as a project work by Gustav Grusell.

2.5 Conclusions

A Java based activated sludge process simulator has been presented. Special
emphasis has been devoted to create a user friendly platform. Some control
strategies have been implemented. The simulator can be run with traditional
DO level control as well as with supervisory DO control. A control strategy
for the external carbon flow rate is used in the simulator. Also, an internal
recirculation flow rate controller has been implemented. The simulator has been
used for academic education and also in courses for personnel from wastewater
treatment plants. The simulator is then used as an integrated teaching tool to
illustrate different control and process alternatives in nitrogen removal using
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the activated sludge process.



Chapter 3
Feedforward Control of the
External Carbon Flow Rate in an
Activated Sludge Process

AS concluded in Chapter 1, the interest to use the activated sludge process
for biological nitrogen removal has increased during the last 5-10 years

due to stricter effluent standards. To remove the nitrogen from the wastew-
ater in an activated sludge process, two biological processes, nitrification and
denitrification, are needed. In aerobic compartments, ammonium may be con-
verted into nitrate (nitrification) and in anoxic compartments nitrate may be
converted into gaseous nitrogen (denitrification). The denitrification process
is dependent on sufficient amounts of readily metabolised carbon. In a post-
denitrification system, an external carbon source is normally needed and in
a pre-denitrification system, an external carbon source may be needed if the
influent water has a too low carbon to nitrogen ratio.

It is possible to use several different external carbon sources. Common
choices are for instance acetate, methanol, ethanol, industrial waste products
and primary sludge. Different carbon sources have different characteristics and
may give different denitrification rates, see Isaacs and Henze (1995) and Hallin
et al. (1996). When external carbon is first added to the process, it may take
several weeks for the microorganisms to adapt to it. The use of a specific car-
bon source benefits certain microorganisms which become very dependent of
the presence of that particular carbon source. For the very sensitive microor-
ganisms to be sustained, once in use, some external carbon sources should not
be turned off for any longer periods, see Hallin et al. (1996).

An important problem when an external carbon source is needed, is how
much carbon should be added. Too little external carbon gives incomplete

39
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denitrification, while too much carbon increases the sludge production, may
give carbon spill in effluent, and gives an unnecessary increase of the operating
costs, see for instance Lindberg (1997). Note also that a constant flow rate of
external carbon may not be feasible since the load to a typical plant may vary
a factor of six or more, see Van Impe et al. (1992).

As already pointed out, several strategies for controlling an external carbon
source have been suggested. A common strategy is to control the flow rate of
external carbon so that the concentration of nitrate in the last anoxic compart-
ment is kept at a (low) pre-specified level. In Lindberg and Carlsson (1996a),
an adaptive controller was suggested and evaluated, see also Olsson and Newell
(1999). Barros and Carlsson (1997) considered an iterative pole placement de-
sign. Feedforward approaches are considered in Bengtsson (1998). Another
approach based on exact linearisation is developed in Milocco and Carlsson
(2001). An interesting contribution related to the work in this thesis is given
in Yuan et al. (1997). That paper considers a model based on the ASM1, using
different specific growth rates for external carbon and readily biodegradable
substrate. The paper of Yuan et al. (1997) concentrates on a pre-denitrifying
system, and the focus is on optimisation of the nitrate set-point in the anoxic
compartment given average influent parameters and effluent demands for that
particular configuration. The work presented here concentrates on controller
derivation for the ordinary ASM1 (with some simplifications), and also the case
with several anoxic compartments is considered. In Yuan and Keller (2003) con-
trol of external carbon flow rates as well as the internal recirculation flow rate
is considered.

In this chapter a model based feedforward control strategy is developed us-
ing a steady state analysis of a simplified ASM1. This strategy is combined
with a standard feedback PI controller in order to compensate for unmea-
surable disturbances and model simplifications. Since major disturbances are
effectively attenuated by the feedforward part, the feedback controller can be
slowly tuned. The feedforward part is very simple and requires little a priori
knowledge in contrast to more complex control strategies. However, the simple
strategy attenuates process disturbances such as changes in the influent flow
rate effectively.

The organisation of the chapter is as follows: Section 3.1 presents a re-
duced order model for describing the denitrification process in an anoxic com-
partment. Section 3.2 considers derivation of the controller for one completely
mixed reactor. In section 3.3, a general expression for the controller when the
reactor consists of several anoxic compartments is derived. Some results for
simulations on the ASM1 model are shown in Section 3.4. Finally, results and
conclusions are presented in Section 3.5.
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3.1 A Reduced Order Model for an Anoxic Com-
partment

The IWA Activated Sludge Model No. 1 is a widely spread model for simulat-
ing the activated sludge process. However, the ASM1 model is quite complex
and may therefore be hard to use for controller design. In this section, some
model simplifications which give a more feasible model for controller design
are suggested. In order to describe the denitrification process in an anoxic
compartment, at least three components are needed; Heterotrophic biomass
(denitrifying bacteria) XB,H [mg (COD)/l], readily biodegradable substrate
SS [mg (COD)/l] and the soluble nitrate nitrogen SNO [mg (N)/l]. See Figure
3.1 for a schematic picture of a completely mixed anoxic compartment.

QQ

SNO,in

XBH,in

SS,in

SNO

XBH

SS

V

Figure 3.1: A completely mixed anoxic compartment in an activated sludge
process. The compartment has volume V , and the influent flow rate Q is equal
to the effluent flow rate.

By applying a simple mass balance using the notation in Figure 3.1, the
model structure (see also Bastin and Dochain (1990)) is obtained according to

dXB,H

dt
=RXB,H

+ D(XB,H,in − XB,H) (3.1)

dSS

dt
=RSS

+ D(SS,in − SS) (3.2)

dSNO

dt
=RSNO

+ D(SNO,in − SNO). (3.3)

Here RXB,H
denotes the reaction (growth) rate for the component XB,H

etc. and D = Q
V is the dilution rate.

In the common case when the influent flow consists of several partial flows,
Q1, Q2, ... Qn, the influent concentration of a general component Yin is
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obtained as a weighted mean (assuming a perfect mix) as

Yin =
1
Q

n∑
j=1

QjYin,j

where Q =
∑n

j=1 Qj , Qj denotes the j:th inflow to the compartment, and Yin,j

the influent concentration corresponding to the flow Qj .

In the ASM1 model, the reaction rates in (3.1), (3.2) and (3.3) are described
as

RXB,H
=µ̂H(

SS

KS + SS
)(

SO

KO,H + SO
)XB,H

+ µ̂H(
SS

KS + SS
)(

KO,H

KO,H + SO
)(

SNO

KNO + SNO
)ηgXB,H − bHXB,H (3.4)

RSS
= − 1

YH
µ̂H(

SS

KS + SS
)(

SO

KO,H + SO
)XB,H

− 1

YH
µ̂H(

SS

KS + SS
)(

KO,H

KO,H + SO
)(

SNO

KNO + SNO
)ηgXB,H (3.5)

+ kh

XS
XB,H

KX + XS
XB,H

(
(

SO

KO,H + SO
) + ηh(

KO,H

KO,H + SO
)(

SNO

KNO + SNO
)

)
XB,H

RSNO
= − 1 − YH

2.86YH
µ̂H(

SS

KS + SS
)(

KO,H

KO,H + SO
)(

SNO

KNO + SNO
)ηgXB,H (3.6)

+
1

YA
µ̂A(

SNH

KNH + SNH
)(

SO

KO,A + SO
)XB,A

where SNH is soluble ammonium nitrogen, XB,A is the autotrophic biomass,
XS is the slowly biodegradable substrate and SO is the dissolved oxygen con-
centration. The parameter µ̂H is the maximum heterotrophic growth rate, KS

and KNO are the half saturation constants for SS and SNO respectively. The
factor ηg is a correction factor for anoxic growth of heterotrophic biomass. See
Henze et al. (1987) for a detailed discussion of the other parameters involved
in the reaction rates.

In order to reduce the model complexity, three assumptions are made:

A.1 It is assumed that SO ≈ 0 and hence SO << KO,H .

A.2 The hydrolysis of entrapped organics is considered a first order reaction
with specific reaction rate k.

Assumption A.1 is natural since the compartment is assumed to be anoxic and
yields that

SO

KO,H + SO
≈0 (3.7)

KO,H

KO,H + SO
≈1. (3.8)
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Assumption A.2 is made for convenience and may be a realistic choice given
a well calibrated parameter value k. Using the assumptions A.1 and A.2 in
(3.4)-(3.6) give the simplified reaction rates

RXB,H
=µ̂H(

SS

KS + SS
)(

SNO

KNO + SNO
)ηgXB,H − bHXB,H (3.9)

RSS
= − 1

YH
µ̂H(

SS

KS + SS
)(

SNO

KNO + SNO
)ηgXB,H + kXB,H (3.10)

RSNO
= − 1 − YH

2.86YH
µ̂H(

SS

KS + SS
)(

SNO

KNO + SNO
)ηgXB,H . (3.11)

Setting β = (1 − YH)/2.86 and defining

µ(SS , SNO) = µ̂H(
SS

KS + SS
)(

SNO

KNO + SNO
)ηg (3.12)

the equations (3.1)-(3.3) can using (3.9)-(3.11) be written as

dXB,H

dt
= µ(SS , SNO)XB,H − bHXB,H + D(XB,H,in − XB,H) (3.13)

dSS

dt
= − 1

YH
µ(SS , SNO)XB,H + kXB,H + D(SS,in − SS) (3.14)

dSNO

dt
= − β

YH
µ(SS , SNO)XB,H + D(SNO,in − SNO). (3.15)

In order to improve the denitrification, an external carbon source will be
used. It is assumed that the microorganisms have adapted to the carbon source
so that the following assumption holds:

A.3 The external carbon source is assumed to be readily biodegradable.

For notational simplicity, we now define

u = QcarCODcar (3.16)

where Qcar is the flow rate of the external carbon source, and CODcar is its
COD content. The external carbon source is assumed to have the COD of
ethanol, 1200000 mg (COD)/l. With an external carbon source added, using
assumption A.3, (3.14) is modified to

dSS

dt
= − 1

YH
µ(SS , SNO)XB,H + kXB,H + D(SS,in − SS) +

1
V

u (3.17)

3.2 Derivation of a Feedforward Controller for
a Mixed Compartment

In this section, a feedforward control strategy is presented using a steady state
analysis of the model (3.13), (3.15) and (3.17). The objective is to control the
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flow rate of the external carbon source so that the nitrate concentration is kept
close to a given set-point.

Consider the model described by (3.13), (3.15) and (3.17) and assume that
Q, XB,H,in, SNO,in, and SS,in are constant and that the desired value of effluent
nitrate (the set-point) Sref

NO is chosen so that

Sref
NO > −Z +

√
Z2 + X (3.18)

Sref
NO < SNO,in (3.19)

where

Z =
µ̂HηgSNO,in + µ̂Hηg

β
YH

XB,H,in + (D + bH)(KNO − SNO,in)
2(D + bH − µ̂Hηg)

X =
D + bH

D + bH − µ̂Hηg
KNOSNO,in

then given the above conditions, S̄NO = Sref
NO if the external carbon flow rate

is chosen as

ū = Q[
µ(S̄S , S̄NO) − kYH

βµ(S̄S , S̄NO)
(SNO,in − Sref

NO) − (SS,in − S̄S)] (3.20)

where ¯ is used to denote steady state (asymptotic) values and

S̄S =
KS(D + bH)(SNO,in − Sref

NO)

µ̂H
Sref

NO

KNO+Sref
NO

ηg(SNO,in + β
YH

XB,H,in − Sref
NO) − (D + bH)(SNO,in − Sref

NO)

(3.21)
The proof of the relations (3.18)-(3.21) can be found in Appendix B.

The conditions (3.18) and (3.19) assure that S̄S is positive and finite. Equa-
tion (3.21) is relevant for two reasons. Firstly, S̄S is needed to calculate the
desired external carbon flow rate of (3.20), secondly it may indicate in what
range Sref

NO may be selected. Figure 3.2 shows S̄S as a function of Sref
NO for the

case KS = 20 mg/l, D = 1.6667 h−1, bH = 0.026 h−1, YH = 0.57, SNO,in = 20
mg/l, XB,H,in = 1000 mg/l, µ̂H = 0.25 h−1 and ηg = 1. For this case, the
bound (3.18) becomes approximately 0.43 mg/l. The plot indicates in what
range Sref

NO may be selected. A set-point less than say 2 mg/l, corresponds to
an undesirably high substrate concentration in the effluent water.

One problem when calculating the desired external carbon flow rate (3.20) is
that several process parameters need to be known including the Monod function
µ(S̄S , S̄NO) and the hydrolysis parameter k. A suggestion is therefore to ignore
the hydrolysis by setting k = 0. Then also µ(S̄S , S̄NO) disappears from the
expression (3.20). The choice k = 0 can be further motivated by the fact that
the hydrolysis is a parameter changing slowly with time. Since the aim here is
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Figure 3.2: Steady state values of SS as a function of Sref
NO.

to construct a feedforward strategy that can deal with rapid changes in process
conditions, slowly varying or constant variables may be omitted. The error
resulting from this assumption will instead be handled by the feedback part of
the controller. Secondly, S̄S is needed in the calculation. As seen from (3.21),
several process parameters that might be unknown in a realistic case are needed
for calculating S̄S . However, in practice Sref

NO should be chosen so that S̄S is
small. A reasonable approximation may therefore be to set S̄S = 0. By using
k = 0 and S̄S = 0 in (3.20) a simple feedforward controller is proposed as

u(t) = Q(t)[
1
β

(SNO,in(t) − Sref
NO(t)) − SS,in(t)] (3.22)

where the time argument t is included in order to indicate that in practice
sensor values are used in the control law. This feedforward controller requires
measurements of SNO,in and SS,in and knowledge of β = (1− YH)/2.86. Since
several simplifications are made in the derivation of the feedforward controller,
a feedback strategy may also be needed. A standard PI controller is included
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to obtain feedforward-feedback strategy as

u(t) =K(SNO(t) − Sref
NO(t)) + KI

∫ t

t0

(SNO(τ) − Sref
NO(τ))dτ

+ Q(t)[
1
β

(SNO,in(t) − Sref
NO(t)) − SS,in(t)]. (3.23)

The control strategy is also depicted in Figure 3.3.
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Figure 3.3: The schematic structure of the control law in (3.23).

3.3 Extension to Several Anoxic Compartments

Often, the activated sludge process is configurated with several anoxic com-
partments. It is therefore of interest to extend the result in (3.22) to the multi
compartment case. It is here assumed that an external carbon source is added
in the first compartment. The nitrate concentration in the last anoxic com-
partment is to be controlled. Figure 3.4 shows the layout of the process.

Though involving somewhat complicated calculations, the generalisation of
the results to the multi compartment case is fairly straightforward. Consider
n completely mixed anoxic compartments. The concentration of a general
component Y in the compartment j, j = 1, 2 ... n, is denoted Yj . The first
compartment is described by (3.13), (3.15) and (3.17) and the following com-
partments are described by (3.13), (3.14) and (3.15). Assume that Q, XB,H,in,
SNO,in, and SS,in are constant and that the desired value of effluent nitrate (the
set-point) Sref

NO is chosen so that SS is finite in the last anoxic compartment.
The flow rate of external carbon that asymptotically gives S̄NO,n = Sref

NO,n is
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External carbon
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Figure 3.4: Dosage of an external carbon source in a multi compartment anoxic
reactor.

then given by

ū =Q[
1
β

(SNO,in − Sref
NO,n) − (SS,in − S̄S,n)

− kYH

β

n∑
i=1

(S̄NO,i−1 − S̄NO,i)
µ(S̄S,i, S̄NO,i)

] (3.24)

where S̄NO,0 and S̄NO,n correspond to SNO,in and Sref
NO, respectively. The cal-

culations proving the relation (3.24) are given in Appendix B.

Note that in (3.24) it is assumed that the condition (3.18) is fulfilled also
in the case of n compartments. It is, however, difficult to give an analytical
expression for the readily biodegradable substrate, S̄S,n, in the multi compart-
ment case. The expression in (3.24) is quite complex. By setting k=0 (no
hydrolysis) and S̄S,n=0 (neglecting the substrate in the last compartment) it
is obtained that

u = Q[
1
β

(SNO,in − Sref
NO) − SS,in] (3.25)

which is basically the same expression as in the single compartment case, c.f
(3.22).

In order to obtain a control law, we parallel the discussion in Section 3.2 and
include a time argument in (3.25), c.f (3.22). The controller is also completed
with a PI part. This gives

u(t) =K(SNO,n(t) − Sref
NO(t)) + KI

∫ t

t0

(SNO,n(τ) − Sref
NO(τ))dτ

+ Q(t)[
1
β

(SNO,in(t) − Sref
NO(t)) − SS,in(t)]. (3.26)

Thus, basically the same controller is obtained in the multi compartment case
as in the single compartment case. This controller requires measurements of
SNO,in, SNO,n and SS,in and knowledge of β = (1 − YH)/2.86. SNO,in can



48
3. Feedforward Control of the External Carbon Flow Rate in an Activated Sludge

Process

be measured directly using an on-line sensor. Measurements of SS,in could
be obtained by approximating it as a fraction of the soluble chemical oxygen
demand (CODS), see Gernaey et al. (2001) or Petersen (2000). The factor β
could be determined from default values of the heterotrophic yield, YH , or from
an estimation strategy, see Ekman et al. (2003).

3.4 Simulations

The control strategy (3.26) was evaluated in a simulation study where the
full ASM1 was used to model the process. Hence no model simplification was
used when simulating the process. A post-denitrifying ASM1 model with five
aerobic and five anoxic compartments was implemented, see Figure 3.5. The

influent carbon
External

clarifier

effluent

recirculated sludge

waste sludge

Figure 3.5: Layout of the activated sludge process used in the simulation study.

parameters in the model were the default values reported in Henze et al. (1987).
In Tables 3.1–3.3 some additional data for the default settings of the simulation
model are given.

Comp no. Volume of cell (m3) Operation
1 896 Aerobic
2 896 Aerobic
3 1792 Aerobic
4 896 Aerobic
5 896 Aerobic
6 1878 Anoxic
7 936 Anoxic
8 936 Anoxic
9 936 Anoxic
10 3136 Anoxic

Table 3.1: The simulator simulates 10 compartments, compartments 1 to 5 are
aerobic and compartments 6-10 are anoxic.
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Flow Rate [m3/h]
Influent 3000
Excess sludge 20
Return sludge 3000
Internal recirculation 0

Table 3.2: Nominal values of the flow rates in the simulation model.

Standard abbrev. Influent conc. (mg/l)
XB,H 0
XB,A 0
XS 82
XI and XP 43
XN,D 5.8
SN,H 23.5
SN,D 2.1
SN,O 1
SI 37
SO 0.1
SS 70

Table 3.3: Default influent wastewater composition.

3.4.1 Scenario I

The influent disturbances shown in Figure 3.6 were used. After 20 hours, S∗
S,in

is changed from 70 mg/l to 10 mg/l, after 60 hours the influent flow rate is
changed from 3000 m3/h to 3500 m3/h, and after 100 hours, S∗

NO,in is changed
from 1.0 to 7.0 mg/l. The superscript * denotes that these are influent flow
concentrations to the plant, and therefore differs from the influent to the con-
trolled anoxic compartments. Finally, after 120 hours, the set-point Sref

NO is
changed from 2.0 to 1.0 mg/l.
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Figure 3.6: Influent variation used in the simulation.

Figure 3.7 shows the uncontrolled process (a constant external carbon flow
rate is applied), the process controlled with a PI controller and the process
controlled with the feedforward-feedback controller (3.26). The response of the
uncontrolled process shows the necessity of automatic control. By comparing
the PI and feedforward-feedback controller it is seen that the feedforward-
feedback controller gives a faster disturbance rejection than the PI controller
for all three disturbances. The feedforward-feedback controller also has a faster
set-point tracking. It can be argued that a faster PI controller will have a
better performance than the PI controller in the figure. However, the same PI
parameters have been used both in the feedforward-feedback controller and in
the pure PI controller, and this makes the comparison relevant. Note also that
a too fast PI controller increases the risk for oscillations and instabilities.

3.4.2 Scenario II

In order to show the controller performance for a more realistic time variation
of the disturbances, the influent flow rate and the influent concentrations in
Figure 3.8 were used. Other influent concentrations were the same as in Ap-
pendix B.

Figure 3.9 shows the simulations when only the PI controller part of (3.26)
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Figure 3.7: Upper plot: The solid line shows the nitrate concentration in the
last anoxic compartment when the feedforward-feedback controller is used,
dashed line shows the nitrate concentration when the PI controller is used,
dashed-dotted line shows the nitrate concentration for a constant flow rate of
external carbon. Lower plot: The external carbon flow rates are shown for the
three controllers respectively.

was used to control the process. Figure 3.10 shows the simulations of the system
when the feedforward-feedback control law of (3.26) has been used. The design
parameters K and KI were in both cases chosen as in Scenario I, and the
nitrate set-point was 2 mg/l. The same tendency as in Scenario I is seen also
in Scenario II. The disturbance rejection is faster for the feedforward feedback
controller than for the PI controller. In particular, the response to changes in
influent concentrations is fast. The peaks in nitrate concentration in Figure
3.10 (upper plot) are due to the peaks in the flow rate, Q.
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Figure 3.8: Time variations in influent water. Concentrations are given in
mg/l.
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Figure 3.9: Upper plot: Nitrate concentration for simulations using the PI con-
troller, influent water according to Figure 3.8. Lower plot: The corresponding
external carbon flow rate is shown.



54
3. Feedforward Control of the External Carbon Flow Rate in an Activated Sludge

Process

0 10 20 30 40 50 60 70 80 90 100
0

1

2

3

4

5

6

N
itr

at
e 

co
nc

en
tr

at
io

n 
[m

g/
l]

0 10 20 30 40 50 60 70 80 90 100
0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

E
xt

er
na

l c
ar

bo
n 

flo
w

 r
at

e 
[m

3 /h
]

time [h]

Figure 3.10: Upper plot: Nitrate concentrations for simulations using the
feedforward-feedback controller, influent water according to Figure 3.8. Lower
plot: The corresponding external carbon flow rate is shown.
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3.5 Conclusions

A feedforward strategy for controlling the nitrate concentration in an activated
sludge process has been developed. The main objective was to reject dis-
turbances quickly. The controller was derived from a simplified version of the
ASM1 model. In a simulation study, the controller performed very well and the
nitrate level was kept close to its set-point despite major process disturbances.
Topics for further research could include evaluation on a full scale plant and to
modify the control law to improve the performance for time varying influent
flow rates.
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Chapter 4
Control of the Aeration Volume in
an Activated Sludge Process for
Nitrogen Removal

AS previously stated, to remove the nitrogen from the wastewater in an
activated sludge process, the biological processes, nitrification and den-

itrification, are needed. In aerobic compartments, ammonium may be con-
verted into nitrate (nitrification) and in anoxic compartments nitrate may be
converted into gaseous nitrogen (denitrification). For the nitrification to work
well, several environmental factors must be fulfilled, including a sufficiently
high concentration of DO together with a sufficiently large aeration volume,
see Henze et al. (1995).

A common way of controlling the aeration is to keep the DO concentration
at some pre-specified level. One way to do this is in a single loop arrangement,
where the DO controller directly changes the air flow valve to adjust the DO
level to the desired value (set-point). In order to decrease the impact of nonlin-
earities in the air flow valve, cascaded DO control can be used, see Olsson et al.
(1985). A master control loop calculates the desired air flow rate for adjusting
the DO to a given set-point. In an inner loop, a slave controller is then used to
adjust the valve opening to get the desired air flow rate. The cascaded control
method requires measurements of DO levels and air flow rates, while the direct
method requires measurements of DO levels only. Many different strategies
for the DO control have been suggested. An early interesting contribution is
Flanagan et al. (1977) where a PI control strategy using feedforward from res-
piration rate and flow rate is used. In Carlsson et al. (1994) an auto tuning
approach for control of the DO is described. An approach based on exact lin-
earisation of the nonlinear oxygen transfer function is made in Lindberg and
Carlsson (1996b). A comprehensive overview of different approaches to DO
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control is given in Olsson and Newell (1999).

One major drawback with the DO control methods above when a nitrifying
aerobic process is used, is that neither feedback from effluent ammonium nor
feedforward from influent ammonium concentrations are used. Since the load
to a wastewater treatment plant may vary a factor six or more, see Van Impe et
al. (1992), this may cause large variations of ammonium in the effluent water.
Even with a constant load it is hard to manually choose the set-point of the
DO controller so that it corresponds to a desired level of ammonium in the
effluent.

The problem described above can partly be solved by using supervisory
control (cascade control) of the set-point of the DO controller. This is done by
implementing a control law that adjusts the set-point of the DO controller so
that the ammonium concentration in the effluent is kept at some pre-specified
level. Such an approach can be found in, for instance, Lindberg and Carlsson
(1996b).

However, the supervisory control structure may cause other problems. If
the aerated volume is not sufficiently large, the air flow rate may saturate and
the DO may not reach the desired level. When a pre-denitrifying structure is
used for plant operation and the DO level in the internally recirculated wa-
ter is too high, this may inhibit the denitrification, see Olsson and Jeppson
(1994). Too high DO levels also lead to an excessively high energy consump-
tion since the required aeration energy increases in a nonlinear fashion with
increasing DO set-points. On the other hand, a too low DO level may decrease
the sludge quality and induce formation of nitrous oxide (N2O). Also, mixers
are generally needed when the DO level becomes too low. It is possible to
use multivariable controllers for controlling the nitrification and denitrification
simultaneously. Such an approach using quantitative feedback theory can be
found in Garćıa-Sanz and Ostolaza (1998). Another multivariable approach
using model predictive control is found in Weijers et al. (1997).

Since there are some drawbacks with the control methods described above,
attempts to use other control variables have recently been made. For sequential
batch reactors, an approach is to control the length of the aerated phase, see
Nielsen and Lyngaard-Jensen (1993). For continuous reactors Brouwer et al.
(1998) suggest a model based feedforward control strategy of the aeration vol-
ume. A simple model of an activated sludge process is used for calculating an
aeration volume that in steady state gives the desired ammonium level. This
strategy was also evaluated in a pilot plant. Rule based strategies for manip-
ulating the aerobic volume can also be found in Hoen et al. (1996), Krause et
al. (2002) and Alex et al. (2003). Meyer and Pöpel (2003) presents a method
for selecting aeration volume based on fuzzy control. In Svardal et al. (2003)
a controller based on the ideas of Brouwer et al. (1998) is presented. This
strategy was also implemented in full scale.
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In this chapter, a method for controlling the aerobic volume of a wastewater
treatment plant is presented. The method relies on exact linearisation together
with estimation of the reaction rate of ammonium. A related approach is the
one suggested in Brouwer et al. (1998). The main difference is that in this
thesis model based strategies, using both traditional feedback and feedforward
information, for controlling the aeration volume is suggested. Also, another
strategy for on-line estimation of the reaction rate of ammonium is used, us-
ing no assumptions regarding the model structure of the reaction rate. In the
derivation of the controller it is assumed that the volume can change continu-
ously over time. In practice, wastewater treatment plants are often divided into
compartments that can be either aerated or anoxic, so a continuously changing
volume is not realisable. Therefore a suggestion on how to discretise the con-
trol law with respect to volume is made. It is believed that a combination of
DO control and volume control could be an interesting alternative to pure DO
control. It should be emphasised that the resulting controller in the discrete
volume case does not linearise the system exactly. Besides this fairly advanced
strategy, a simplified feedforward controller is derived from the same ideas.

The organisation of this chapter is the following: The model to be used for
controller design is presented in Section 4.1. In Section 4.2 the aeration volume
control law is designed, and aspects of practical implementation are discussed
in 4.3. Some simulation results for this method are presented in Section 4.4.
The simplified method is presented together with some simulation results in
Section 4.5. Finally, the results are discussed and conclusions are drawn in
Section 4.6.

4.1 The Model

In order to design a model based control strategy for how to select the aeration
volume, it is of interest to model the dynamical behaviour of the ammonium
concentration, SNH(t) [mg (N)/l]. By applying a simple mass balance using
the notation in Figure 4.1 the model structure becomes

d(V (t)SNH(t))
dt

=V (t)RSNH
(t) + Q(t)(SNH,in(t) − SNH(t)). (4.1)

Evaluating (4.1) gives

dSNH(t)
dt

=RSNH
(t) +

Q(t)
V (t)

(SNH,in(t) − SNH(t)) − dV (t)
dt

1
V (t)

SNH(t) (4.2)

where RSNH
(t) is the reaction rate of ammonium, SNH,in(t) is the concentra-

tion of influent ammonium, Q(t) is the flow rate and V (t) is the volume. In
the following, the last term in (4.2) is neglected. This is motivated by making
the control law for the aeration volume changes slow, see (4.6) below.
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QQ

SNH,in SNH

V

Figure 4.1: A completely mixed aerobic compartment in an activated sludge
process. The compartment has volume V, the influent flow rate Q is equal to
the effluent flow rate. SNH,in(t) is the concentration of influent ammonium
and SNH(t) the effluent ammonium concentration.

In the general case when the influent flow consists of several partial flows,
Q1(t), Q2(t), ... Qn(t), the influent concentration of SNH,in(t) can be obtained
as a weighted mean (assuming a perfect mix) according to

SNH,in(t) =
1

Q(t)

n∑
j=1

Qj(t)SNH,in,j(t).

The total flow rate Q(t) is here given by Q(t) =
∑n

j=1 Qj(t), where Qj(t)
denotes the j:th inflow to the compartment. The influent concentration corre-
sponding to the flow Qj(t) is denoted SNH,in,j(t).

In the ASM1 model, the reaction rate, RSNH
(t), in (4.2) is a highly nonlinear

term, described by (see Henze et al. (1987))

RSNH
=(−iXB − 1

YA
)µ̂A(

SNH

KNH + SNH
)(

SO

KO,A + SO
)XB,A

− iXBµ̂H(
SS

KS + SS
)(

KO,H

KO,H + SO
)(

SNO

KNO + SNO
)ηgXB,H

− iXBµ̂H(
SS

KS + SS
)(

SO

KO,H + SO
)XB,H + kaSNDXB,H (4.3)

where SND is the concentration of soluble biodegradable organic nitrogen,
XB,A is the autotrophic biomass, XB,H is the heterotrophic biomass, SS is
the readily biodegradable substrate and SNO is the nitrate nitrogen. The time
index has here been omitted for convenience. See Henze et al. (1987) for a
detailed discussion of the involved parameters in the reaction rate.
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4.2 Derivation of the Controller

Since major process disturbances such as time varying flow rates and influent
concentrations affect the process, a control strategy that combines feedforward
knowledge and traditional feedback could be of use. This could be achieved by
exact linearisation via feedback, see for instance Khalil (1996) for a general de-
scription, and Bastin and Dochain (1990) and Milocco and Carlsson (2001) for
applications in control of bioreactors. In the controller derivation, the output
is chosen as the ammonium concentration in a totally mixed aerated compart-
ment, and the control signal is chosen as the volume V (t). It is seen directly
from (4.2) that a linearising control law is given by

V (t) =
Q(t)(SNH,in(t) − SNH(t))

ulin(t) − RSNH
(t)

(4.4)

yielding

dSNH

dt
=ulin(t). (4.5)

Theoretically, the problem is thus reduced to control an integrator with the
control signal ulin(t).

There are many possible ways to choose the remaining control signal ulin(t)
in (4.5). A simple PI controller is chosen according to

ulin(t) = Ke(t) + KI

∫ t

t0

e(τ)dτ (4.6)

where

e(t) = Ssp
NH(t) − SNH(t). (4.7)

In (4.7), Ssp
NH(t) is the ammonium set-point.

4.3 Practical Implementation

When implementing the control law in practice, some modifications of (4.4)
have to be done:

1. The reaction rate RSNH
(t) has to be estimated.

2. In a typical activated sludge process, a fixed number of compartments can
be aerated or non aerated. Hence, only discrete volume changes can be
utilised, i.e. the realisable volume V belongs to a set V = [V1, V2, ... Vn],
where V1 corresponds to the minimum aeration volume and Vn to the
maximum aeration volume.

3. The control law has to be discretised with respect to time, and anti
windup should be implemented. This is standard procedure and is not
discussed further.
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4.3.1 Estimation of the Reaction Rate

A simple approach to estimate RSNH
(t) is to use (4.2) directly. From (4.2) it

is clear that

RSNH
(t) =

dSNH(t)
dt

− Q(t)
V (t)

(SNH,in(t) − SNH(t)). (4.8)

If the backward difference method is used to approximate the derivative in
(4.8), an estimate of RSNH

(t) can be written as

R̂SNH
(t) =

SNH(t) − SNH(t − h)
h

− Q(t)
V (t)

(SNH,in(t) − SNH(t)). (4.9)

The sampling interval in (4.9) is denoted h, the index t denotes the current
sample and the index t − h denotes the previous sample. In practice, V (t) is
replaced with V (t − h) in (4.9), which is reasonable if the volume changes are
small. Since the estimate of the derivative in (4.9) may be affected by mea-
surement noise and other fast transients, R̂SNH

(t) should be low pass filtered
before being used in the controller. A suitable choice may be a first order low
pass filter with the transfer function

H(q) =
αq

q + α − 1
(4.10)

where q is the forward shift operator.

4.3.2 Discrete changes of the aerobic volume

As mentioned, the nature of the possible volume changes is discrete, since the
plant is divided into compartments. Thus, to implement the control law (4.4),
it has to be combined with some form of logical programming that takes this
into account. The suggestion is therefore to control the ammonium in the last
aerated compartment, by using (4.4) to calculate the desired aeration volume.
The nearest larger volume Vj in the possible set V = [V1, V2, ... Vn] should
then be aerated. The rationale for this is to keep a low DO level, by using a
larger volume. In case the total aeration volume becomes too large and the
non aerated volume too small, it is possible to instead select the nearest smaller
volume in the set.

To achieve the ammonium set-point, and to avoid fluctuations in the am-
monium concentration, the strategy above needs to be combined with a slow
supervisory DO controller that adjusts the set-point of the DO controllers in
the aerated compartments. One possibility is to use the same DO set-point in
all aerated compartments. A simple choice that is used in this study, is to use
a PI controller for calculating the DO set-point as

DOsp(t) = − Ke(t) − KI

∫ t

t0

e(τ)dτ (4.11)
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where e(t) is the control error of ammonium in the last aerated compartment,
see (4.7). To prevent the DO concentration to take too high or too low values,
DOsp(t) should be given both an upper and a lower bound.

4.3.3 Summary of the Control Strategy

Below, a short summary of the control strategy is given:

1. Estimate RSNH
(t) according to (4.9).

2. Calculate the desired aeration volume (4.4), using the estimated reaction
rate (4.9).

3. Aerate the nearest larger volume, Vj , in the realisable set V = [V1, V2, ... Vn].

4. Use (4.11) to adjust the DO set-point.

When using discrete volumes, as above, the control design gives an approximate
rather than an exact linearisation. .

4.4 A Simulation Study

4.4.1 Simulator Setup

The suggested control law was evaluated in a simulation study. A post den-
itrifying ASM1 model with ten compartments was implemented and used in
the study. Each compartment had a volume of 235 m3. Matlab was used to
implement the model. The model parameters were in both cases the default
values reported in Henze et al. (1987). Some additional data regarding default
flow rates and influent concentrations can be found in Table 3.2 and Table 3.3.
The layout of the simulated plant is shown in Figure 4.2.

4.4.2 Simulations

Influent load variations according to Figure 4.3 was used. The superscript * in
the figure denotes that these are influent flow rate and concentration, not to
be mixed up with the total flow rate to the controlled aerobic compartment.
After 15 hours the ammonium concentration in the influent water is increased
from 24 to 32 mg/l. After 65 hours the influent flow rate is changed from 250
to 300 m3/h.

This influent scenario was used first when simulating ordinary supervisory
DO control with a PI controller, see (4.11). The sampling interval was 0.001 h.
The parameters of the supervisory PI controller were chosen as K=0.0012 and
KI=0.08. The set-point of ammonium, Ssp

NH , was chosen to be 2.5 mg/l. The
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influent

effluent

recirculated sludge

waste sludge

settler

Figure 4.2: The layout of the simulated activated sludge process. The first four
compartments are always aerated. The shaded compartments are allowed to
be aerated when needed.

constant total volume of the aerobic compartments was 1175 m3. In Figure
4.4 the simulation results for this experiment is shown. It is clearly seen that
the disturbance rejection is poor and that the DO concentration takes very
high values. This is caused by a too small aeration volume. The suggested
volume controller was then simulated in combination with the supervisory DO
controller, (4.11). In the simulations, the volume of the aerated compartment
was allowed to take the discrete values V = [940, 1170 ... 1880]. The maximum
allowed value of DOsp(t) was 5 mg/l and the minimum value was 1.5 mg/l.
The influent characteristics and the set-point of ammonium in the last aerated
compartment were the same as in the simulation where only the supervisory
DO controller was used. The PI parameters of the supervisory DO controller
were the same, as well as the sampling rate. The volume control loop was
sampled with the interval 0.1 h, and the PI parameters in (4.4) were chosen as
K=0.00001 and KI=0.0000001. The estimation of the reaction rate R̂SNH

(t)
in (4.9) was performed over only the first four compartments to avoid fast
transients, since these compartments were assumed to always be aerobic. The
parameter in the low pass filter, (4.10), was chosen as α=0.07. Compared to
when only the supervisory DO controller is used, it is seen that the disturbance
rejection is significantly faster and that the required DO level for this control
strategy is much lower, see Figure 4.4.

In Figure 4.5 the behaviour of the control strategy when S∗
NH,in varies pe-

riodically with a 7.5 hour period is shown. The ammonium set-point and all PI
parameters were the same as in the previous example. The DO levels are still
kept at intermediate values, and the disturbance attenuation is fast. The vol-
ume controller and the DO set-point controller cooperates in order to achieve
the ammonium set-point.
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Figure 4.3: Disturbances in the influent water. Upper plot: Influent ammo-
nium. Lower plot: Influent flow rate.
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Figure 4.4: Comparison between supervisory DO control with fixed volume
(dashed lines) and aeration volume control (solid lines). Upper plot: Am-
monium concentration in the last aerobic compartment. Intermediate plot:
Set-point of the DO controllers. Lower plot: Aeration volume.
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Figure 4.5: Illustration of the volume controller for a periodical variation in
influent water. Upper plot: Ammonium concentration in the last aerobic com-
partment. Second plot: Aeration volume. Third plot: DO set-point. Lower
plot: Influent ammonium concentration.
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4.5 A Simplified Scheme for Volume Control

The control law derived via the exact linearisation has as mentioned the draw-
backs that it is sensitive to the tuning of the controller. Below, a simplified
model based scheme for controlling the aeration volume is intuitively moti-
vated. From the control law in (4.4) it is easily seen that two main parameters
that affect the size of the required aeration volume are the flow rate Q and the
difference between influent and effluent ammonium, SNH,in − SNH . From this
knowledge, a feedforward control law is suggested. Assume that the influent
flow rate (denoted Q), the influent ammonium concentration (SNH,in) and the
effluent ammonium concentration (SNH) are measurable. The desired aeration
volume is then determined from the simple relation

Vdes(t) = KvQ(t)(SNH,in(t) − SNH(t)) (4.12)

where Kv is a positive constant parameter tuned by the user. Note that this
control law neglects the time variations in the reaction rate, RSNH

. Based on
knowledge about the sizes and numbers of possible aerated compartments to-
gether with knowledge of the average flow rate and ammonium concentrations,
it is easy to choose a reasonable value of Kv. When the first choice of Kv has
been evaluated, the parameter may of course need to be tuned more in detail.
In the experiments presented in this chapter, the following strategy for the
discrete volume changes were used: If the desired aeration volume according to
(4.12) is larger than the currently used aeration volume, compartments corre-
sponding to the nearest possible larger volume should be aerated. This control
law contains directly measurable variables, is simple to implement and does not
suffer from sensitivity problems. The control law could also be complemented
with more advanced logics, for instance hysteresis.

To illustrate the simplified controller outlined above, a simulation exper-
iment was performed using the COST benchmark. The COST benchmark
describes a pre-denitrifying system with five compartments. The volume of
the first two compartments is 1000 m3 each and the volume of the last three
compartments is 1333 m3 each. In the experiment conducted here, the last two
compartments were always aerated and the DO set-point in these compartments
were controlled by a supervisory DO controller as described in Chapter 2. The
maximum allowed value of the DO set-points was 5 mg/l. The third compart-
ment was aerated when KvQ(SNH,in − SNH) > 2666 m3, i.e. larger than the
sum of the two last compartments. Kv was here chosen to 0.7. When aerated,
the set-point of the DO controller in the third compartment was fixed at 3
mg/l. The DO controllers used in the experiment were ordinary PI-controllers
tuned to give a fast response in the DO concentrations when the set-points
were changed. The supervisory DO controller was on the form (4.11) with
K =2 and KI =2. The set-point of effluent ammonium, Ssp

NH , was chosen to 3
mg/l. In the simulations, influent data from the COST benchmark describing
dry weather conditions were used (DRYINFLUENT.mat).
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Figure 4.6 shows the case when only the supervisory DO control of the
last two compartments is employed. It is clearly seen from the figure that two
aerated compartments are not enough to keep the ammonium concentration
around 3 mg/l. The effluent ammonium is high above its set-point even though
the DO controller set-points are at the upper limit all the time.

0 2 4 6 8 10 12
10

15

20

25

30

S
N

H
 [m

g 
l−1

]

0 2 4 6 8 10 12

1

2

3

4

5

6

D
O

 s
et

−p
oi

nt
 c

om
p 

4 
&

 5

time [days]

Figure 4.6: Supervisory DO control with the last two compartments aerated.
Upper plot: Ammonium concentration in the effluent. Lower plot: DO set-
point in the last two compartments.

Figure 4.7 shows simulations utilising the simplified volume controller de-
scribed above. The situation is clearly improved and the effluent ammonium
varies around 3 mg/l. Note from the intermediate plot that the strategy works
as expected since the third compartment is aerated during periods of high in-
fluent load. The DO set-point calculated by the supervisory DO controller is
also much lower most of the time.

4.6 Conclusions

In this chapter, a method based on linearisation via feedback, for controlling the
aeration volume in an activated sludge process has been presented. The main
objective was to reject changes in influent load variations quickly. Simulations
suggest that the aeration volume could be an efficient control variable, and
that feedforward methods could give a good result for controlling the aeration
volume. It is also suggested how to implement the control law in practice, i.e.
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Figure 4.7: Supervisory DO control utilising the simple feedforward aeration
volume controller. Upper plot: Ammonium concentration in the effluent. Inter-
mediate plot: Set-point of the DO controller in the third compartment. Lower
plot: DO set-point in the last two compartments.

when the possible volume changes are discrete. It should be mentioned that the
tuning of the aeration controller must be done with care to avoid oscillations.
More advanced logics for handling the discrete volume changes could also be
incorporated. For example, the impact on the denitrification in the remaining
anoxic compartments could be considered. It should also be mentioned that
the control method works better the smaller the discrete volumes are. If suffi-
ciently small volumes can be aerated, it might be possible to exclude the DO
control part. This could be the case when techniques such as “finger-clipping”
are used, see Waltin (2000).

In addition to the method based on the exact linearisation, a simplified
method was also proposed. This method is much easier to tune. Also this
method could be complemented with more advanced logics.
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An interesting step would be to evaluate the suggested strategies in full
scale experiments or in a pilot plant.



Chapter 5
An Integrating Linearisation
Method for Static Input
Nonlinearities

WITHIN the area of control design, different kinds of non-linearities in the
system to be controlled have for a long time been a source of challenging

problems. Depending on the nature of the non-linearity, different control design
approaches can be used in order to deal with the impact of the non-linearity on
the control system. If a system is only mildly non-linear, it might be sufficient
to approximate it with a linear system and then use standard linear theory
when designing a control law. If the non-linearities are more severe, however,
it is preferable to take the non-linearity into account in the control design. A
common way to do this when the system contains dynamic non-linearities is to
use the method of exact linearisation via internal feedback. This makes it pos-
sible to linearise the input-output relations of a non-linear system. The method
has been extensively studied, see for instance Khalil (1996) for an overview.

Exact linearisation procedures has been used in many application studies
with connection to wastewater treatment. The paper Perez-Correa et al. (1991)
considers exact linearisation of the dissolved oxygen dynamics in an activated
sludge process. Milocco and Carlsson (2001) deals with a linearising controller
for the external carbon flow rate in the ASP. Exact linearisation of bioreactor
models is also thoroughly covered in Bastin and Dochain (1990). In Graebe
et al. (1996) an observer based controller is derived and applied to a pH neu-
tralisation process. An overview of different linearisation methods in process
control can be found in Henson and Seborg (1991). A more recent overview
that deals with approximate linearisation methods is presented in Guardabassi
and Savaresi (2001).

71
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A special case of non-linearities, often occurring in the process industry, is
when the input signal to a process is affected by a non-linearity. This may
be the case due to non-linear actuators, for instance non-linear valves. It may
in many cases be assumed that the dynamics of the non-linear actuator can
be neglected compared to the rest of the process, i.e. that the non-linearity is
static. A common way to model the input-output relationship is then to use a
static input non-linearity in series with a linear system. Such a model is called
a Hammerstein model, see Figure 5.1. For some general modelling examples
of Hammerstein models, see for instance Eskinat et al. (1991). A commonly
used method described in the literature for controlling such systems is to use a
model of the inverse of the static non-linearity in order to cancel attenuate it,
see Figure 5.2. This will be referred to as the standard method in the sequel.
Another possibility is to use some gain scheduling technique. A review of the
methods can be found in for example Åström and Wittenmark (1995). Some
other applications can be found in, for example, Lindberg and Carlsson (1996b)
and Smith (2001). A different way to handle the problem is to approximate
the inverse implicitly using high-gain feedback as discussed in Goodwin et al.
(2001). The main drawback with this method is that a high-gain feedback
makes the system very sensitive to noise.

u
f(·) z

G(s)
y

Figure 5.1: A Hammerstein model consists of a linear system, G(s), affected
by a static non-linearity, f̂(·), on the control signal, u.

+

−

u f(·) G(s) yf̂−1(·)r e∑
F (s)

Figure 5.2: Linearisation by using the inverse of the static non-linearity f . In
the figure, f̂−1 denotes the inverse of the model of the non-linearity, G(s) is
the linear part of the system and F(s) is the linear controller.

In this chapter, the basic principle of exact linearisation via feedback is em-
ployed on a Hammerstein model, and a suitable variable transformation that
linearises the system is found. Using the method outlined here, the static non-
linearity does not have to be inverted, in contrast to when using the standard
method. Instead, the derivative of the non-linearity with respect to the control
signal is used. For some applications, when inversion is difficult, this could be
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an advantage. If, for instance, the non-linearity is described by a higher order
polynomial, inversion could be difficult. Differentiation is, however, straight-
forward. Still, the standard method complemented with an integration and
this method are in essential senses equivalent as discussed in Section 5.4. The
presented method is also extended to hold for another type of static input non-
linearities, where the static non-linearity is fed by both the input and output
signals. This extension is illustrated with an example utilising a bioreactor
model.

A main source of inspiration for the approach developed here has been
the MSc thesis Lennartsson (2003). The thesis deals with a case where the
system (a feed water pump) has an integrator before the static non-linearity.
The method presented here generalises the approach in Lennartsson (2003).
Another relevant method is presented in Van der Schaft (1984), Nijmeijer and
van der Schaft (1990) and further studied in Ouarti and Edgar (1993). In those
publications, however, a state space approach is used and the linearisation is
made as a traditional input-output linearisation. In the case when the system
only contains static input non-linearities this yields more complicated expres-
sions.

The chapter is structured as follows: In Section 5.1, the method for linearis-
ing Hammerstein models is derived. Section 5.2 presents an extended method
for linearising non-linearities that also depends on the output signal. Some nu-
merical examples are included in Section 5.3 in order to illustrate the methods.
In Section 5.4, the methods are discussed and the conclusions are summarised.

5.1 Derivation of the Linearisation Method

In this section, a method for linearising Hammerstein models via internal feed-
back will be outlined. When using the method, an integration of the control
signal is also obtained.

Assume that the system that should be controlled has a structure according
to

Y (s) = G(s)Z(s), z = f(u). (5.1)

In (5.1), u denotes the control signal (the manipulated variable), Z(s) is the
Laplace transform of z, the input to the linear part, and Y (s) is the Laplace
transform of the output signal, y. The function f(·) is a differentiable static
non-linear function and G(s) is the transfer function representation of a con-
tinuous time linear system.

Now, impose the demand that the time derivative of the signal z in (5.1)
should follow a given time varying signal, v. It is easily obtained from (5.1)
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that

ż =
df(u)
du

u̇

and it is seen that ż = v if the control signal, u, is chosen so that

u̇ =
v

df(u)
du

.

The relation between the new control signal of the linearised system, v, and
the signal z is thus linear. Using a model, f̂(u), of the true non-linearity, f(u),
would then result in the compensator

u̇ =
v

df̂(u)
du

. (5.2)

Applying the internal feedback linearisation in (5.2) to the system shown in
Figure 5.1 yields the linearised system in Figure 5.3. Note that the compensa-
tion involves feedback of the signal df̂(u)

du , which is easily implemented internally
in the compensator.

u
f(·) z

G(s) y1
s

v

1/df̂(u)
du

Figure 5.3: System linearised via internal feedback. The circle with a cross
inside represents a multiplication.

If a perfect model, f̂(u) = f(u), is available, the choice of u̇ in (5.2) gives
that ż = v as mentioned above. The relation between the new control signal v
and the output signal y can via Laplace transformation be represented as

Y (s) =
1
s
G(s)V (s). (5.3)

Thus, the static non-linearity is cancelled. From (5.3) it should be noted that
the transfer function of the linearised system includes a pure integration. The
consequences of this are discussed in Section 5.4.

Applying the linearisation method, the remaining problem is to control the
linear system in (5.3) by manipulating the new control signal v. Depending on
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the characteristics of the linearised system, the new control signal v may be
utilised in many different ways using standard linear control design procedures.
This typically leads to a linear control law of the form

V (s) = F (s)E(s) (5.4)

where F (s) is the transfer function of the controller and E(s) is the Laplace
transform of the control error, e. The structure of the total closed loop system
determining the new control signal v according to (5.4) is depicted in Figure
5.4.

−

+ u f(·) z G(s) y1
s

v

1/ df̂(u)
du

r e∑
F (s)

Figure 5.4: Closed loop system with internal linearising feedback.

It is straightforward to perform a local stability analysis of the scheme
depicted in Figure 5.4. Denote the signal values corresponding to an operating
point v0, u0 and z0 and introduce the deviation from the operating point for
the three variables as ∆v = v − v0, ∆u = u − u0 and ∆z = z − z0. A Taylor
expansion of the non-linear part of the system yields by trivial calculations the
approximate first order system

∆Z(s) =
1
s
γ∆V (s), γ =

df(u0)/du

df̂(u0)/du
. (5.5)

The linearised system from reference signal r to output signal y is then

Y (s) =
γ
s G(s)F (s)

1 + γ
s G(s)F (s)

R(s). (5.6)

Local stability and the impact of model errors can thus be investigated by ex-
amining the stability of the closed loop system (5.6). This can for instance be
done by investigating the loop gain γ

s G(s)F (s) for some operating point. In

the nominal case, df
du = df̂

du and γ = 1. If df(u0)
du > df̂(u0)

du , the loop gain in-
creases which may, depending on G(s) and F (s), lead to instability. It should
be noted that the same simple local stability analysis holds also when the stan-
dard method with an integration is used, see Section 5.4 and Appendix C.1.
Note also that the linear analysis above gives a sufficient but not necessary
condition for local stability of the non-linear system, as indicated in the simu-
lation experiment in Section 5.3.1.
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5.2 An Extension of the Method

In this section, linearisation of the the system depicted in Figure 5.5 will be
considered. The same basic methodology as described in the previous section
will be employed on this slightly extended system.

u
f(·, ·) z

G(s)
y

Figure 5.5: A system with a non-linearity that is a function of both the input
signal, u, and the output signal, y.

From the figure it is seen that the signal z can be written as

z = f(u, y) (5.7)

where f(·, ·) is a static non-linear function. Since the output of the non-
linearity, z, now also depends via feedback on the system output, y(t), the
system in Figure 5.5 does not represent a Hammerstein model.

However, using the same procedure as before, taking the time derivative of
(5.7) yields according to the chain rule

ż =
∂f(u, y)

∂u
u̇ +

∂f(u, y)
∂y

ẏ. (5.8)

Parallelling the previous section, now impose the demand that the time deriva-
tive of z should be equal to a given signal so that ż = v. It is straightforward
to see from (5.8) that this is fulfilled if the time derivative of the input signal
u is chosen so that

u̇ =
v − ∂f(u,y)

∂y ẏ

∂f(u,y)
∂u

. (5.9)

The linearising control law in (5.9) is further visualised in Figure 5.6.

After applying the linearising internal feedback link in Figure 5.6, what
remains is to choose the new control signal v. As in Section 5.1, the linearised
system is

Y (s) =
1
s
G(s)V (s)

and therefor some linear control design method is sufficient, i.e.

V (s) = F (s)E(s)
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∂f̂(u,y)

∂u

u f(·, ·) z
G(s)

y

Figure 5.6: A system with a static non-linearity that is a function of both the
input signal, u, and the output signal, y.

where F (s) is the transfer function of the controller and E(s) is the Laplace
transform of the control error.

However, as before, a reasonable assumption is that only a model f̂ of the
true non-linear function f is known. Thus, the linearisation becomes approxi-
mate and the expression for the linearising part of the control law changes to

u̇ =
v − ∂f̂(u,y)

∂y ẏ

∂f̂(u,y)
∂u

(5.10)

It could be argued that the presence of the time derivative of the output
signal in the internal linearising feedback law (5.10) makes the control law
sensitive to measurement noise. This impact is, however, dampened since the
expression (5.10) is integrated in order to obtain the control signal, u. It could
also be possible to add low pass filtration of the output signal, y, before real-
izing the time derivative. One should in that case be aware that the low pass
filtration contributes to the model error, i.e. makes the linearisation less exact.
A possible approximation if the output signal can be assumed to be slowly time
varying is also to set the time derivative, ẏ, in the expression (5.10) equal to
zero.

The outlined strategy is illustrated with some simulations in Section 5.3.2.
This example is taken from wastewater treatment, namely gaseous exchange in
chemical and biological reactors.

5.3 Numerical Examples

In order to illustrate the linearisation methods described above, two simulation
examples are included.
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5.3.1 Linearisation of a Hammerstein Model

The system to be controlled has a structure according to (5.1) with

G(s) =
1

s2 + 2s + 1
and f(u) = u + αu5 + βφ(u) (5.11)

where α and β are real valued constants and φ(u) = sin 100u. Three different
choices of the parameters α and β will be considered, see Table 5.3.1.

case (i) (nominal) α = 1 β = 0

case (ii) α = 5 β = 0

case (iii) α = 1 β = 0.5

Table 5.1: The different parameter choices in the non-linearity.

Now, assume that this system should be linearised, and that the linearised
system should be controlled in order to achieve a cross-over frequency ωc = 1
[rad/s] and a phase margin ϕm = π/3 [rad]. The non-linearity given above
is not possible to invert analytically. The differentiation needed to realize
the method suggested in this thesis is, however, easy to accomplish. In the
linearisation, the model of the non-linearity is based on the nominal case,
i.e. f̂(u) = u + u5 in all three cases

In the nominal design, it is assumed that the system is perfectly linearised
by the internal feedback. The remaining problem is then to design the outer
controller F (s) for the linearised system (5.3)

Y (s) =
1
s
G(s)V (s) =

1
s(s2 + 2s + 1)

V (s)

so that the control objectives are fulfilled. In this case, F (s) is chosen as the
standard lead filter

F (s) = KN
s + b

s + bN
.

The parameters in the lead filter are then chosen so that the loop gain fulfills
the requirements on ωc and ϕm in the nominal case. This corresponds to ap-
proximately N = 12, b ≈ 0.29 and K ≈ 0.58.

To illustrate the impact of model errors and the local stability analysis out-
lined in Section 5.1, the system is simulated for the three different choices of
the parameters α and β shown in Table 5.3.1. As mentioned, the nominal de-
sign is based on α = 1 and β = 0 in (5.11), i.e. the model of the non-linearity
is f̂(u) = u + u5 in all three cases. With this model, it is readily shown that
γ = 1 + β dφ(u0)/du

df̂(u0)/du
when α = 1. First the system is simulated for the nominal

system, f(u) = f̂(u) corresponding to γ = 1 (case (i)). Investigating the loop
gain of this nominal case, it is easy to verify that the system has an amplitude
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margin of approximately 5. This means that the system is locally stable for any
operating point and model error such that γ � 5. The other two choices of α
and β were made to illustrate two different types of model errors. With α = 5
and β = 0 (case (ii)), for which γ ≈ 4.5 in the simulation, the model error on
f(·) is significant. However, at a first glance one might suspect that it mainly
is the model error on the derivative of f(·) that is relevant, since γ = df(u0)/du

df̂(u0)/du
.

As discussed in the sequel, simulations show that this is not the case. With
β = 0.5, φ(u) = sin 100u and α = 1 (case (iii)) the model error on f(·) is less
significant while the model error on the derivative is considerably larger. Here,
γ is as large as 10 and more in the simulation experiment.

Figure 5.7 shows control of the system with the presented control law for
the three cases. In the simulations the reference signal r is varied step-wise
between 3 and 5 at time instants 5, 30 and 55 seconds. Obviously, it is not
possible to trace any non-linear behaviour in the output signal in the nominal
case. The response of the output signal is, as expected, equivalent to the linear
system G(s) = 1

s2+2s+1 controlled with F (s) and an integration. The impact
of the static non-linearity is, as expected, visible in the control signal. For
case (ii) (α = 5 and β = 0) the performance is clearly worsened with severe
oscillations on the output. For case (iii) (β = 0.5, φ(u) = sin 100u and α = 1)
the effect of the model error is merely visible on the output, even though the
gain margin of the linearised system is exceeded by far. This indicates that it
is the model error on f(·), rather than the model error on the derivative of f(·)
that matters. This is what can be expected bearing in mind that the method
is equivalent to the standard method with an integration.

5.3.2 Linearisation of the Non-Linear Oxygen Transfer
Function

In the activated sludge process in a wastewater treatment plant, organic mate-
rial is removed from the wastewater through oxidation by micro organisms. In
order for the oxidation to occur, sufficient amounts of dissolved oxygen must
be present in the water. In a completely mixed aerobic compartment of the ac-
tivated sludge process, the differential equation describing the oxygen content
of the water is (see for instance Lindberg (1997))

ẏ(t) = −Q(t)
V

y(t) + KLa(u(t))(ysat − y(t)) − R(t) +
Q(t)
V

yin(t) (5.12)

where y(t) is the dissolved oxygen concentration [mg/l], u(t) is the air flow
rate into the compartment [m3/h], Q(t) is the flow rate of water through the
compartment [m3/h], R(t) is the respiration caused by the micro organisms
[mg/l/h], yin(t) is the dissolved oxygen concentration of the influent water
[mg/l], ysat is the saturation level of oxygen [mg/l] and V is the volume of
the compartment [m3]. The variables R(t) and yin(t) may both be considered
as disturbances. The static function KLa(u(t)) [h−1] is the so called oxygen
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Figure 5.7: Control of the non-linear system utilising exact linearisation via
internal feedback as proposed in this work. Upper plot: The output signals
corresponding to the three different cases, (i) the nominal model (α = 1 and
β = 0), (ii) the case with α = 5 and β = 0, and (iii) the case with β = 0.5,
φ(u) = sin 100u and α = 1, respectively. Lower plot: The corresponding control
signals. Note that y(t) and u(t) in case (iii) almost coincide with the nominal
case (i).

transfer function that describes how oxygen is transferred from the air flow to
the water. To simplify the notations, the time indexes on the variables are
omitted in the sequel.

In this example, it is desired to linearise the relation between the air flow
rate u and the dissolved oxygen concentration in the compartment y. The
problem of non-linear control of this system has been studied by several re-
searchers, see for instance Lindberg (1997). Following the notation in Section
5.2, the static non-linear function is in this case

z = f(u, y) = KLa(u)(ysat − y).

Laplace transforming (5.12) assuming the flow rate Q constant and R and yin

equal to zero for simplicity, it is thus obtained that

Y (s) =
1

s + Q
V

Z(s).
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The transfer function from the output of the static non-linearity, Z(s), to the
system output Y (s) is thus

G(s) =
1

s + Q
V

.

Evaluating the time derivative of the signal z now yields

ż =
∂KLa(u)

∂u
(ysat − y)u̇ − KLa(u)ẏ

and the system is linearised so that ż = v if the time derivative of the input
signal is chosen according to (5.10) as

u̇ =
v + KLa(u)ẏ

∂KLa(u)
∂u (ysat − y)

. (5.13)

Since the linearising feedback (5.13) adds an integration to the loop gain, the
remaining problem is to control the system

Y (s) =
1
s
G(s)V (s) =

1
s(s + Q

V )
V (s)

using some linear design method.

In the simulations presented here, the numerical values Q=1000 m3/h,
V =630 m3 and ysat=10 mg/l was used. The respiration rate was constant
over time and set to R =10 mg/l/h. The concentration of dissolved oxygen
in the influent water was yin=0 mg/l. In the literature, many different repre-
sentations of the non-linear function KLa(u) has been used (see for instance
Olsson and Newell (1999)). In this example, KLa(u) was chosen as

KLa(u) = 15(1 − e−
15

1000 u). (5.14)

This is the same choice as in Lindberg (1997), where also the rest of the numer-
ical values were taken. Note that the chosen function (5.14) is easy to invert,
but is used here merely for illustration purposes.

First, the system (5.12) was simulated with only a linear controller according
to

U(s) = F (s)E(s) (5.15)

where
F (s) = 5.48

s + 1.15
s(s + 3.46)

. (5.16)

In the simulations, the reference signal of the dissolved oxygen was changed
stepwise between 1 mg/l and 7 mg/l. From Figure 5.8 it is clear that the
system response is slower near the higher setpoint value (corresponding to a
higher air flow rate) due to the lower gain of the non-linear function KLa(u)
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Figure 5.8: Control of the bioreactor utilising only the linear part of the control
law and an integration. Upper plot: Full line shows the dissolved oxygen
concentration, y, dashed line shows the reference signal, r. Lower plot: Air
flow rate u.

there. This difference in behaviour near low and high setpoint values is appar-
ently caused by the non-linearity. The system was also simulated utilising the
internal feedback linearisation in (5.13). The derivative of the dissolved oxygen
concentration in the reactor, ẏ, was realized by filtering y through a high pass
filter with the transfer function

H(s) =
10000s

s2 + 200s + 10000
.

It was also assumed that the true non-linearity was known, i.e. that f̂(·, ·) =
f(·, ·). In the outer control loop, the linearised system was controlled with the
linear control law

V (s) = F (s)E(s) (5.17)

where F (s) in this case was chosen as

F (s) = 5.48
s + 1.15
s + 3.46

(5.18)

which is the same as (5.16) but without the integration that is here built into
the linearisation. The results of this simulation is showed in Figure 5.9. It is no
longer possible to see any trace of the non-linearity in terms of different gains
for different operating points.
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Figure 5.9: Control of the bioreactor utilising exact linearisation via feedback.
Upper plot: Full line shows the dissolved oxygen concentration, y, dashed line
shows the reference signal, r. Lower plot: Air flow rate u.

5.4 Conclusions and Discussion

Regarding the linearising internal feedback compensator derived in Section 5.1,
some annotations should be stressed:

• The method adds an integration, see (5.3), to the linearised open loop
system. Since integrating control laws are desirable in many applications,
this should not generally be considered as a problem. Still, awareness of
this fact is necessary in order to use the method properly. This annotation
of course holds also for the extension in Section 5.2.

• From (5.2) it is seen that problems occur in the control law when df̂(u)
du =0.

This means that the local gain of the model of the non-linearity is zero.
In practice, the same problems occur in the standard method for exact
linearisation, see Åström and Wittenmark (1995). If, however, the op-
erating point of the system is not in the direct neighbourhood of these
zero gain points of the non-linearity, this is not a problem. In other cases,
some safeguard must be implemented. See also the next item for a further
discussion. This also holds for the extension in Section 5.2.

• In practice, the control law including the linearising internal feedback
may need to be implemented in discrete time (digital control). Also,
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avoiding windup problems due to saturation may be desirable. Since the
integration takes place in the linearisation block instead of in the outer
controller, F (s), as in the case when the standard method is used, basic
anti-windup design for the control signal, u, based on the incremental
form is easily implemented. Implementation of an anti-windup strategy
could also be a suitable way to handle the problem when df̂(u)

du =0 de-
scribed above.

• It can readily be shown that the method presented in this thesis and the
standard method with an integration are similar in the sense that the
derivatives of the generated control signals, u̇, are equal in open loop,
i.e. for the same v. In closed loop (Figure 1), if f̂(0) �= 0, the methods
will generate different input signals during a transient period until the
integration has compensated for the off-set in f̂ . See Appendix C.1 for
details. The impact of such off-sets on closed loop system behaviour in
presence of model errors could be further investigated. For instance, the
off-set could be compensated for in the initialisation of the integration.

• The approach presented here can easily be adopted to the case when an
integrator is present before a static non-linearity and the output of the
integrator is measurable. The linearising feedback is then made around
the existing integrator. See Lennartsson (2003) for an example of this
case.

To conclude, a strategy that linearises Hammerstein models via internal
feedback has been developed. In order to realize the internal feedback, a suffi-
ciently good model of the static non-linearity must be available. It is outlined
how to investigate local stability of the method with respect to different model
errors. The described method is basically equivalent to the standard method
(which utilises the inverse of the non-linearity) with an integration, and could
be a preferable alternative in cases where the non-linearity is not easily inverted.
The methods have the same stability properties, the same sensitivity to model
errors and the same sensitivity to process and measurement noise. Also, a slight
extension of the method where the non-linearity is fed by both the input and
output signals is presented and illustrated with simulations. In the extended
case, the linearisation includes also traditional output feedback. Measurement
errors may therefore deteriorate the linearisation. Thus, the extended method
is more difficult to analyse with respect to its stability properties.



Chapter 6
Interaction Analysis and Control
Structure Selection in a
Wastewater Treatment Plant
Model

IN Chapter 1 it was stated that wastewater treatment processes in reality are
multivariable, utilising several possible input and output signals. A common

problem in the area of multivariable control is channel interaction, i.e. when
one input signal affects several output signals. This problem occurs in sev-
eral common application fields in multivariable process control, for example in
wastewater treatment. In the process industry, a complexity of several hundred
control loops is not uncommon for a system, see Wittenmark et al. (1995). The
great number of input and output signals may of course give rise to interactions
in certain loops. If the interactions are not too large, it might be sufficient to
use a number of single input single output control loops in order to control the
system, also known as decentralised control. An important question is then the
so called pairing problem, that is how to select which input signal to control
which output signal in order to get the most efficient control with a low degree
of interaction. If the interactions in the open loop system are severe, however,
a multivariable control structure may be preferable. An interesting problem
is then how to choose this control structure. If a sparse control structure can
be used instead of a full multivariable one, much could be gained in terms of
reducing the controller complexity.

Over the years, several different measures for quantifying the level of input-
output interactions in a system have been developed. Among the first, and
to this day probably most commonly used, was the relative gain array (RGA)
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introduced by Bristol (1966). Originally, the RGA considered only the station-
ary properties of the plant, but a dynamic extension was proposed later, see
Kinnaert (1995) for a survey. Many other different modifications of the RGA
have been proposed since it was introduced, examples of later refinements can
be found in, for instance, Häggblom (1997), Schmidt and Jacobsen (2003) and
Mc Avoy et al. (2003).

The RGA is a measure that can be used in order to decide a suitable input-
output pairing when applying a decentralised control structure., It can also
be used to decide whether a certain pairing should be avoided. This measure,
however, often provides limited knowledge about when to use multivariable
controllers and gives no indication of how to choose multivariable controller
structures. Relatively recently, a different approach for investigating channel
interaction using so called participation matrices was introduced by Conley and
Salgado (2000). In this approach the controllability and observability Grami-
ans of a system are used in order to quantify the degree of interaction. This
work was followed by the paper Wittenmark and Salgado (2002) where the
Hankel norm of the system was used to develop the so called Hankel interac-
tion index array (HIIA). See also Salgado and Conley (2004) for a discussion
of these measures. In the sequel, the presentation will confine to a discussion
and evaluation of one of the two Gramian based measures, the HIIA.

When comparing the HIIA to the RGA, there are some major differences.
The most important one from the authors point of view is that the RGA as-
sumes a decentralised control structure to be used, and therefore attempts to
suggest the best possible input-output pairing. This is not the case with the
HIIA, that rather considers the controllability and the observability of every
sub-system in the plant separately. This measure can therefore be valuable
when evaluating alternatives to decentralised control structures, i.e. multivari-
able control structures with reduced complexity. In Conley and Salgado (2000),
it is also shown how to do this. Another difference is that when using the HIIA,
the whole frequency range is taken into account, not only one frequency at the
time. As shown in examples given by Wittenmark and Salgado (2002), the
HIIA outperforms the RGA when dealing with systems that have interactions
with non-monotonic frequency behaviour. The reason for this is that the full
dynamics of the system will be taken into account when using Gramians. If
the objective is to study the interactions in a specific frequency range only,
then the transfer functions can be filtered before the HIIA is calculated, see
Wittenmark and Salgado (2002). There are also cases, see for instance Kin-
naert (1995), where the RGA fails to suggest a proper pairing due to large
off-diagonal elements or triangular structure in the plant. On the other hand,
a drawback of the HIIA compared to the RGA is that it is scaling dependent. It
is therefore of great importance that the system has been scaled in a physically
relevant way in order for the HIIA to provide meaningful results.

In this chapter, both the RGA and the HIIA are calculated for different
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operating points of a certain process in a bioreactor model. Cross couplings in
such systems have previously been studied by Ingildsen (2002) and Halvarsson
et al. (2005), but in these papers the choice of input and output signals are
different.

The bioreactor model studied here is a pre-denitrifying wastewater treat-
ment plant. The results of the methods are compared and discussed. The aim
is to illustrate the different conclusions that can be drawn from the two mea-
sures. In particular, it is shown how the HIIA can be used to determine more
elaborate control structures that may increase the closed loop performance
compared to the decentralised control case. The chosen control strategy as
well as a decentralised control strategy is also evaluated in a simulation study
in order to point out the validity of the analysis.

The structure of this chapter is as follows: In Section 6.1, the basic theory
of the RGA and the HIIA is described. The bioreactor model used to illustrate
the RGA and HIIA methods is discussed in Section 6.2, and the presented
model is analysed with respect to the RGA and the HIIA in Section 6.3. To
illustrate the results of the analysis in Section 6.3, some control experiments
are performed in Section 6.4. In Section 6.5, the results in the previous sections
are discussed. General conclusions are summarised in Section 6.6.

6.1 The Interaction Measures

6.1.1 The Relative Gain Array

The static RGA for a quadratic plant is given by

RGA(G(0)) = G(0). ∗ (G(0)−1)T (6.1)

where G(0) is the steady-state transfer function matrix and “.∗” denotes the
Hadamard or Schur product (i.e. element-wise multiplication). Each element
in the RGA can be regarded as the quotient between the open-loop gain and
the closed-loop gain. Hence, the RGA element (i, j) is the quotient between
the gain in the loop between input j and output i when all other loops are
open and the gain in the same loop when all other loops are closed. For a
more complete discussion of the RGA, see e.g. Bristol (1966), Kinnaert (1995)
or Skogestad and Postlethwaite (1996).

The definition of the dynamic RGA is basically the same as for the original
RGA, except that now the plant gain, G, is allowed to be measured at any
frequency ω. Not surprisingly, this dynamic version of the RGA possesses the
same properties as the steady-state RGA. Still, each frequency point has to be
considered separately

RGA(G(iω)) = G(iω). ∗ (G(iω)−1)T . (6.2)



88
6. Interaction Analysis and Control Structure Selection in a Wastewater

Treatment Plant Model

Later in this work, only the static RGA is used. This can be motivated by the
slow time constants in the considered bioreactor system.

In the case of a 2×2 system, a symmetric RGA matrix is obtained:

RGA(G(0)) =
[

λ 1 − λ
1 − λ λ

]
(6.3)

Depending on the value of λ, a number of different cases occur Kinnaert (1995).

λ = 1: This is the ideal case when no interaction between the loops is present.
The pairing should be along the diagonal, i.e. u1 − y1 and u2 − y2;

λ = 0: This is the same situation as above, except that now the suggested
pairing is along the anti-diagonal, i.e. u1 − y2, u2 − y1;

0 < λ < 1: This case indicates that the gain increases when the loops are closed,
thus there is interaction;

λ > 1: Now, the gain decreases when the loops are closed. This situation is
therefore also undesirable;

λ < 0: This situation corresponds to the worst case scenario since now even
the sign of the gain changes when the loops are closed and this is highly
undesirable.

The main conclusion is that u1 should only be paired with y1 when λ > 0.5.
The closer λ is to one, the more likely is this configuration to work, that is,
the less is the interaction in the system. For other values of λ, u1 should be
paired with y2. For the higher-dimensional case, the rule should be to choose
pairings that corresponds to an RGA element close to one. Negative pairings
should definitely be avoided.

6.1.2 The Hankel Interaction Index Array

As mentioned in the introduction, the RGA suffers from some important dis-
advantages. Therefore, Conley and Salgado (2000) proposed a new interaction
measure based on Gramians able to handle these pitfalls. Recently, a modified
version of the interaction measure where the Hankel norm is used (the HIIA)
was suggested by Wittenmark and Salgado (2002). The Hankel norm based
measures are also suitable for designing structured multivariable controllers.

Consider a linear system, with inputs given by the m × 1 vector u(t) and
outputs given by the p× 1 y(t). Given the state vector x(t), the system can be
described as a state-space realization

ẋ(t) = Ax(t) + Bu(t)
y(t) = Cx(t) + Du(t) (6.4)
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where A, B, C and D are real matrices of dimension n × n, n × m, p × n and
p×m, respectively. Then, the controllability Gramian, Γc, and the observability
Gramian, Γo, for the system given in (6.4) are defined as

Γc =
∫ ∞

0

eAτBBT eAT τdτ (6.5)

Γo =
∫ ∞

0

eAT τCT CeAτdτ. (6.6)

These matrices can be seen as measures of how hard it is to observe and to
control the states of the given system. As shown by Conley and Salgado (2000)
and Wittenmark and Salgado (2002), it is possible to split the system given
by (A,B,C,D) into fundamental subsystems (A,Bj , Ci, Dij) where Bj is the
j:th column in B, Ci is the i:th row in C and Dij is the (i, j):th element of
D. Then for each of these, the controllability and the observability Gramian
can be calculated. The controllability and observability Gramians for the full
system will then be the sum of the Gramians for all the subsystems. Unfortu-
nately, both the controllability and the observability Gramian will depend on
the chosen state-space realization. However, the eigenvalues of the product of
these will not.

The Hankel norm for a system with transfer function G(s) is defined as

‖G(s)‖H =
√

λmax(ΓcΓo) = σH
1 (6.7)

where σH
1 is the maximum Hankel singular value. Hence, this measure is invari-

ant with respect to the state-space realization and it is therefore well suited as
a combined measure for controllability and observability. In Wittenmark and
Salgado (2002) it is shown that the Hankel norm of G(s) given in (6.7) can also
be interpreted as a gain between past inputs and future outputs. Then, if the
Hankel norm is calculated for each fundamental subsystem and arranged in a
matrix Σ̃H given by

[Σ̃H ]ij = ‖Gij(s)‖H (6.8)

this matrix can be used as an interaction measure. In Wittenmark and Salgado
(2002), a normalised version, the Hankel Interaction Index Array (HIIA), is
proposed as

[ΣH ]ij =
‖Gij(s)‖H

Σkl‖Gkl(s)‖H
. (6.9)

In the HIIA, the larger the element, the larger the impact of the correspond-
ing input signal on the specific output signal. Of course, a big difficulty could
be to decide whether an entry in the HIIA matrix is large enough to be rele-
vant or not, and there are not any clear rules for this. However, even though
not directly stated by Wittenmark and Salgado (2002), expected performance
for different control structures can be compared by summing the elements in
ΣH : Clearly, due to the normalisation, the aim is to find the simplest control
structure that gives a sum as near one as possible. In the slightly different
interaction measure proposed by Conley and Salgado (2000) this is used. If
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the intention is to use a decentralised controller, the HIIA can be used and
interpreted in the same way as the RGA.

When Gij = 0 the Gramian product, Γ(j)
c Γ(i)

o , will be zero and so will the
corresponding element in the matrix ΣH . This implies that the structure of
ΣH will be the same as the structure of G and thus, non-diagonal elements will
not be hidden as in the case of the RGA. This motivates further that the HIIA
can also be used to evaluate other control structures than just the decentralised
ones. Another advantage that is shown in examples given by Wittenmark and
Salgado (2002), is that the HIIA outperforms the RGA when dealing with
systems that have interactions with non-monotonic frequency behaviour. The
reason for this is that the full dynamics of the system will be taken into account
when using Gramians. If the objective is to study the interactions in a specific
frequency range only, then the original system can be filtered before the HIIA
is calculated, see Wittenmark and Salgado (2002).

6.2 The Bioreactor Model

In this chapter, the RGA and the HIIA will be used on a bioreactor model
describing reduction of nitrate from wastewater (conversion of nitrate to ni-
trous oxide, so called denitrification). Generally, the bioreactor is connected
to a clarifier, and the process consisting of these two parts is commonly called
an activated sludge process (ASP), see Henze et al. (1995). As described in
Chapter 1, in an ASP configured for nitrogen removal, ammonium is oxidised
to nitrate under aerobic conditions, the so called nitrification process. The
nitrate formed by the nitrification process, in turn, is converted into gaseous
nitrogen under anoxic conditions, the so called denitrification process. There-
fore, a multi-step configuration is generally needed in order to perform an
efficient nitrogen removal. If the anoxic part of the process is placed before the
aerobic, the process is said to be pre-denitrifying. In the study presented here,
a pre-denitrifying process is considered, see Figure 6.1.

As discussed in Chapters 1 and 3, for the denitrification process to take
place, a sufficient amount of organic substrate (readily biodegradable organic
substrate) is needed as well as an anoxic condition, i.e. absence of dissolved
oxygen. In a pre-denitrifying system, the access to nitrate in the anoxic part is
achieved by recirculating nitrate rich water from the aerobic to the anoxic part
of the plant. To ensure that enough readily biodegradable substrate is present,
an external carbon source (for example ethanol) is often added to the anoxic
part. It is thus natural to consider the flow rates of the internal recirculation
and the addition of an external carbon source as control signals (manipulated
variables) in the denitrification process, although the concentration of readily
biodegradable organic substrate in the influent water is here used as an in-
put signal instead of an external carbon source. The natural output signals
are the nitrate concentration in the last anoxic compartment and the nitrate
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concentration in the effluent water. Several papers in the literature deal with
the above described control problem, see for instance Carlsson and Rehnström
(2002).

Due to its complexity, the full ASM1 model will not be used in the analysis
presented here. Instead a somewhat simplified version of the ASM1 will be
used in the analysis carried out here, see Section 6.2.1. In the analysis, this
simplified model is linearised for different operating points, and the RGA and
HIIA analyses are performed on the linearised models. The model used here
describes a pre-denitrifying process with one anoxic and one aerobic compart-
ment, see Figure 6.1. The compartments are assumed to be completely mixed.

Q

Qi

Qr

Q − Qw

Qw

Figure 6.1: An ASP with one anoxic and one aerobic compartment and a
clarifier. The influent flow rate is denoted Q, the internal recirculation flow
rate Qi, the flow rate of recirculated sludge Qr and the excess sludge flow rate
Qw.

In the sequel, the internal recirculation flow rate is denoted Qi [m3/h]
and the influent concentration of readily biodegradable substrate SS,in [mg
(COD)/l]. The nitrate concentration in the anoxic compartment is denoted
San

NO [mg (N)/l] and the nitrate concentration in the effluent water (aerobic
compartment) is denoted Se

NO [mg (N)/l]. The input signal vector of the sys-
tem can thus be defined as

u =
[
Qi SS,in

]T (6.10)

and the output signal vector as

y =
[
San

NO Se
NO

]T
. (6.11)

6.2.1 The Simplified Bioreactor Model

Here, a simplified non-linear model describing the nitrate removal is discussed.
The resulting model describes a pre denitrifying process with one anoxic and
one aerobic compartment, see Figure 6.1. This reduced order non-linear model
is originally motivated and more thoroughly discussed by Ingildsen (2002). In
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the analysis in the next section, this model is linearised for different operating
points, and the RGA and HIIA analyses are performed on the linearised models.

By considering slowly changing variables in the ASM1 as constant and omit-
ting states that will not have any significant impact on the outputs to be con-
trolled, the number of differential equations that has to be taken into account
can be reduced. Further, by assuming that the dissolved oxygen concentration
in the aerobic compartment can be efficiently controlled, the resulting simplified
non-linear differential equation model describing one anoxic and one aerated
compartment will according to Ingildsen (2002) be

ṠNH,1 =
Q

V1
SNH,in − Q + Qi

V1
SNH,1 +

Qi

V1
SNH,2 − iXBP2,1 − iXBP1,1

− (iXB +
1

YA
)P3,1

ṠNH,2 =
Q + Qi

V2
SNH,1 − Q + Qi

V2
SNH,2 − iXBP2,2 − iXBP1,2

− (iXB +
1

YA
)P3,2

ṠNO,1 = − Q + Qi

V1
SNO,1 +

Qi

V1
SNO,2 − 1 − YH

2.86YH
P2,1 +

1
YA

P3,1 (6.12)

ṠNO,2 =
Q + Qi

V2
SNO,1 − Q + Qi

V2
SNO,2 − 1 − YH

2.86YH
P2,2 +

1
YA

P3,2

ṠS,1 =
Q

V1
SS,in − Q + Qi

V1
SS,1 +

Qi

V1
SS,2 − 1

YH
P2,1 − 1

YH
P1,1

ṠS,2 =
Q + Qi

V2
SS,1 − Q + Qi

V2
SS,2 − 1

YH
P2,2 − 1

YH
P1,2

ṠO,1 = − Q + Qi

V1
SO,1 +

Qi

V1
SO,2 − 1 − YH

YH
P1,1 − (

4.57
YA

+ 1)P3,1

where SNH denotes ammonium concentration [mg (N)/l], SNO nitrate con-
centration [mg (N)/l], SS readily biodegradable substrate concentration [mg
(COD)/l] and SO dissolved oxygen concentration [mg (O2)/l]. In (6.12), the
additional subscripts n = 1, 2 on the state variables denote concentrations in
compartment n and the subscript in denotes influent concentration. The in-
fluent flow rate is Q [m3/day] and Vn denotes the volume of compartment n.
The input signals are the internal recirculation flow rate Qi [m3/day] and the
influent concentration of readily biodegradable organic substrate, SS,in [mg
(COD)/l]. Consequently, the output signals are given by SNO,1=San

NO and
SNO,2=Se

NO. The variable Qi used in (6.12) can be regarded as the sum of
internal recirculation flow rate and the flow rate of recirculated sludge from
the clarifier as defined in Figure 6.1. This does not affect the behaviour of the
soluble components, thus the analysis presented in the sequel is not affected.
The notation in (6.12) is further explained in Table 6.2.1. The numerical values
of the different parameters are given in Table 6.2.1.

The symbol Pm,n in (6.12) means the process rate m in compartment n.
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Symbol Explanation
Q Influent flow rate
Qi Internal recirculation flow rate
V1 Volume of tank 1, the anoxic tank
V2 Volume of tank 2, the aerobic tank
ηg Correction factor for anoxic growth of heterotrophs
iXB Quotient between the mass of nitrogen and the mass

of the chemical oxygen demand
KNH Ammonium half saturation constant for autotrophs
KNO Nitrate half saturation constant for heterotrophs
KO,A Oxygen half saturation constant for autotrophs
KO,H Oxygen half saturation constant for heterotrophs
KS Half saturation constant for heterotrophs
µA Autotrophic max. specific growth rate
µH Heterotrophic max. specific growth rate
YA Autotrophic yield
YH Heterotrophic yield

Table 6.1: Nomenclature for the bioreactor models.

These are given by

P1,n = µH
SS,n

KS + SS,n

SO,n

KO,H + SO,n
XB,H,n

P2,n = µH
SS,n

KS + SS,n

KO,H

KO,H + SO,n

SNO,n

KNO + SNO,n
XB,H,n n = 1, 2

(6.13)

P3,n = µA
SNH,n

KNH + SNH,n

SO,n

KO,A + SO,n
XB,A,n.

6.3 Analysis of the Model

In this section, the bioreactor model will be analysed using the RGA and the
HIIA described in Section 6.1.1 and Section 6.1.2. One objective is to investi-
gate the cross couplings in the system and to choose suitable control structures.
The desired control structure may change with different operating points since
the system is non-linear. Another objective is to illustrate the performance of
both methods, i.e. what different conclusions that can be drawn from each of
the methods: For instance, how the HIIA can be used to determine a suitable
sparse multivariable control structure, and what can be seen from the RGA in
the corresponding case.

A first impression of the possible (stationary) cross couplings in the sys-
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Parameter Value Unit Comment

SNHi
31.56 g N m−3 Influent ammonium conc.

Q 18446 m3 day−1

V1 2000 m3

V2 3999 m3

ηg 0.8 -

iXB 0.08 -

KNH 1.0 g NH3-N m−3

KNO 0.5 g NO3-N m−3

KO,A 0.4 g O2 m−3

KO,H 0.2 g O2 m−3

KS 10.0 g COD m−3

µA 0.5 day−1

µH 4.0 day−1

XB,A 150 g COD m−3

XB,H 2500 g COD m−3

YA 0.24 -

YH 0.67 -

Table 6.2: Parameter values used in the model (6.12).

tem can be obtained from the steady state operational maps of the non-linear
model. Such operational maps are also used by, for instance, Ingildsen (2002)
and Galarza et al. (2001b) in order to analyse the behaviour of bioreactors.
In Figures 6.2 and 6.3 the level curves of the stationary nitrate concentrations
of the anoxic and aerobic compartments respectively are plotted against con-
stant values of the two inputs. From these operational maps it is clear that
the system behaves non-linearly, i.e. the stationary characteristics are different
depending on the choice of operating point. The static gain in some of the
channels actually changes sign between the different operating ranges (which
could also be seen in a simple step response analysis). From Figure 6.3 it is
seen that in order to accomplish a change stationary in Se

NO for low values of
the input signals, the concentration of readily biodegradable substrate in the
influent, SS,in should be used. For larger values of the input signal SS,in, the
change seems to be best accomplished if the internal recirculation flow rate Qi

is altered. Note also the multiple equilibria of Se
NO for a given value of SS,in.

In Figure 6.2 it is seen that both inputs affects the output San
NO over the whole

operating range, although the relative importance of the inputs depends on the
choice of operating point. A conclusion that can be drawn is, however, that for
high values of the input signal SS,in, the gain of San

NO is low for both the input
signals.

Although these plots contain only stationary values for the open loop sys-
tem and therefore cannot be assumed to fully describe all cross couplings in
the system, they will be used to roughly validate the results obtained from the
linear analysis utilising the RGA and the HIIA.
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Figure 6.2: Stationary operational map for the nitrate concentration in the
anoxic compartment, San

NO. The stars show the locations of the three operating
points.

As indicated above, Figure 6.3 implies that there are three different areas
in which the process may show different cross couplings. In order to analyse
this behaviour, three different operating points will be considered. The three
operating points are indicated by stars “∗” in the operational maps in Figure
6.2 and Figure 6.3. These are the ones corresponding to the constant input
signals given by

ū1 =
[
35000 40

]T

ū2 =
[
26000 100

]T (6.14)

ū3 =
[
20000 120

]T

where the units are m3/day for the first input signal and mg(COD)/l for the
second. The first operating point given by ū1 lies in the area where the sec-
ond input signal, the concentration of readily biodegradable substrate in the
influent water, SS,in, is low. The second operating point given by ū2 lies in the
transition phase between the areas, and the third point is in the area where the
concentration of readily biodegradable substrate in the influent water is high.
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Figure 6.3: Stationary operational map for the nitrate concentration in the
aerobic compartment (effluent water), Se

NO. The stars show the locations of
the three operating points.

6.3.1 Linearisation and Scaling of the Model

Both the RGA and the HIIA are defined for linear models. In order to perform
the analysis, the model needs to be linearised around each operating point.
Since the process characteristics are clearly different in the three operating
points, three different linearisations are needed in order to properly analyse
the system, one for each operating point. In a small neighbourhood of each
point, the linearised model will mimic the characteristics of the non-linear sys-
tem. Thus, the analysis in the following section is formally valid only in the
same operating points. However, as seen in Figure 6.3, the operational map for
Se

NO can clearly be divided into three areas with the same gain characteristics,
which motivates that the results from the analysis hold with good accuracy
over larger neighbourhoods. This can also be verified via further linearisations
or simulations.

In practise, the linearisations were made using the MATLAB function lin-
mod. From the linearisation procedure, standard linear state-space models of
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the form

∆ẋ = A∆x + B∆u

∆y = C∆x (6.15)

are obtained. Here x is the 7×1 state vector containing concentrations of seven
different compounds according to

x =
[
SNH,1 SNH,2 SNO,1 SNO,2 SS,1 SS,2 SO,1

]T

and u is the input signal vector defined in (6.10) as

u =
[
Qi SS,in

]T
.

The symbol ∆ refers to deviation from the operating point so that ∆x = x− x̄
and ∆u = u−ū, where ū is the constant input signal vector that in steady state
renders the operating point x̄. The output signal vector is defined in (6.11) as
y = [San

NO Se
NO]T and ∆y = y − ȳ. The matrix A is a 7×7 matrix, B is a 7×2

matrix and C is consequently given by a 2×7 matrix according to

C =
[
0 0 1 0 0 0 0
0 0 0 1 0 0 0

]

independently of the chosen operating point. The corresponding transfer func-
tion matrix is then

G(s) = C(sI − A)−1B. (6.16)

As mentioned in Section 6.1.2, the HIIA is a scaling dependent tool. In
order to be able to compare the different elements of the HIIA directly, the
linearised model obtained by (6.15) and (6.16) must be properly scaled. A
standard procedure (as described in for instance Skogestad and Postlethwaite
(1996)) is to scale the model according to

G(s) = D−1
y Go(s)Du.

where the original input-output model is given by

Y o(s) = Go(s)Uo(s)

and the superscript “o” denotes the original (or physical) variables. Thus, Go(s)
denotes the original transfer function matrix between Laplace transformed out-
put Y o(s) and Laplace transformed input Uo(s). The matrices Du and Dy are
diagonal scaling matrices.

There exist many different possibilities for choosing the scaling matrices Dy

and Du depending on what the desired achievements are. Here, the model is
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scaled in such a manner that the maximum deviation from the average value
of each signal lies in the interval [-1,1]. This is achieved here by choosing

Du =
[
60000 0

0 160

]

Dy =
[
3 0
0 3

]

where the diagonal elements in Du are the maximum allowed value of each
input signal and the elements in Dy states that a maximum deviation in the
output of three units is accepted.

6.3.2 RGA Analysis of the Model

To test the ability of the RGA to provide reasonable pairing suggestions, the
stationary RGA was calculated for the linearised models for each of the chosen
operating points. The results were

RGA(Gū1(0)) =
[

1.1979 −0.1979
−0.1979 1.1979

]
(6.17)

RGA(Gū2(0)) =
[
0.3327 0.6673
0.6673 0.3327

]
(6.18)

RGA(Gū3(0)) =
[
0.3263 0.6737
0.6737 0.3263

]
. (6.19)

Clearly, since the anti-diagonal elements in the RGA matrix corresponding
to the first operating point are negative and the diagonal elements are fairly
close to one, the RGA in this case suggests a diagonal controller, i.e. that the
first input signal Qi should be used to control the output San

NO and the second
input, SS,in, should control the output Se

NO. The latter also seems reasonable
when comparing the results to the operational map in Figure 6.3, provided that
a decentralised control structure is to be used.

For both the other operating points, anti-diagonal control structures are
suggested, although without any strong indication since the diagonal element
of the RGA matrix is quite far from one in both cases. For the second operating
point it is hard to evaluate the validity of this from the operational maps, since
the operating point lies in a transition phase. The result for the third oper-
ating point, however, seems reasonable when considering the operational maps.
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6.3.3 HIIA Analysis of the model

The HIIA is a measure that indicates the size of the impact of each input signal
on each output signal. It is therefore interesting to compare the results from
the HIIA analysis to the results from the RGA analysis. The HIIA as defined
in Section 6.1.2 was calculated for the linearised and scaled models for each
operating point. The obtained results were

Σū1
H =

[
0.1425 0.3596
0.0450 0.4530

]
(6.20)

Σū2
H =

[
0.1252 0.1379
0.4009 0.3361

]
(6.21)

Σū3
H =

[
0.0090 0.0053
0.7441 0.2415

]
. (6.22)

For the first operating point, the HIIA indicates that the first output signal,
San

NO, is about equally dependent on both input signals since the elements on
the first row in the HIIA matrix have the same magnitude of orders. Further,
it can be seen from the second row that the second output, Se

NO, mostly de-
pends on the second input signal, SS,in. The corresponding HIIA element is
also of the same size as the elements in the first row. The first element in
the second row is however about 10 times smaller than the second element in
this row. Thus, the second input should definitely be employed in the control
of the second output. Intuitively, the first input should then be used in the
control of the first output in order to obtain a satisfying result. As pointed
out in Section 6.1.2, it could be hard to determine whether an entry in the
HIIA matrix is large enough to be relevant in the control design, and it is also
beyond the scope of this work to provide any general rules for such a decision.
However, provided that a reduction of control structure complexity is desirable
together with the fact that the first element on the second row is clearly the
smallest element in the matrix, it is most natural to ignore the interactions in
the channel from the first input to the second output in the design of a reduced
order controller in this operating area. A summation of the elements of the
HIIA matrix as described in Section 6.1.2 also gives at hand that the contri-
bution of the first element on the second row is relatively small in the total sum.

The interpretation of the HIIA matrix in this case is thus that a good
option for controlling the process in this operating range may be a sparse
multivariable controller taking the analysis results into account. The control
structure selection would therefore in this case be

U(s) =
[
F1(s) F3(s)

0 F2(s)

]
E(s) (6.23)

where F1(s), F2(s) and F3(s) are the transfer functions of each sub controller,
U(s) is the Laplace transform of the input signal vector as defined in (6.10)
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and E(s) is the Laplace transform of the control error vector, i.e. a vector
containing the control errors of San

NO and Se
NO. The validity of this choice of

control structure is also verified in the simulations in Section 6.4.

In the second operating point, corresponding to the transition phase be-
tween the operating ranges, all elements in the HIIA matrix are of the same
magnitude of orders. This indicates that a full multivariable control structure
may be a reasonable choice.

Finally, in the third operating point both elements in the first row of the
HIIA matrix are small compared to the elements in the second row. This indi-
cates that the first output signal could be difficult to control at all. A physical
interpretation of this will be given in Section 6.5.

Note that no pre-filtering of the transfer functions is performed before calcu-
lating the HIIA. A pre-filtering procedure was evaluated but made no difference
in the results and was therefore omitted.

6.4 Control Simulations

In order to illustrate the findings in the previous section, some control experi-
ments were performed. As an example, control of the non-linear system in the
neighbourhood of the first operating point given by the input signal ū1 in (6.14)
is considered here. Both a decentralised control structure and a simple mul-
tivariable strategy are evaluated. The purpose is to compare the results from
the linear analysis in the previous section to the actual results obtained when
controlling the non-linear system. In particular, it is shown how the informa-
tion extracted from the HIIA matrix can be used to design a more elaborate
control structure than decentralised control.

6.4.1 Decentralised Control

A decentralised control law with the input-output pairing recommended by
both the RGA analysis in (6.17) and the HIIA in (6.20) was evaluated. The
results in (6.17) and (6.20) both suggested that if a decentralised control struc-
ture was to be used, the natural pairing selection was to control the first output
signal, San

NO, by manipulating the first input signal, Qi. Consequently, the sec-
ond output, Se

NO, should be controlled by manipulating the second input signal
SS,in. Thus, the decentralised control law can be written as

Qi(s) = F1(s)E1(s) (6.24)
SS,in(s) = F2(s)E2(s) (6.25)

where E1(s) is the Laplace transformed control error of the first loop, i.e. e1(t) =
San,sp

NO (t) − San
NO(t), and E2(s) is the Laplace transformed control error of the
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second loop, i.e. e2(t) = Se
NO(t) − Se,sp

NO (t) since this process is known to have
negative gain. Here, San,sp

NO and Se,sp
NO denote the set-point values of the output

signals, respectively.

The controllers F1(s) and F2(s) were in this experiment chosen as ordinary
PI-controllers and were tuned in order to achieve approximately the same rise
time in both control loops to make later comparisons meaningful. The used
PI-controllers were

F1(s) = 8000 +
7000

s
(6.26)

F2(s) = 15 +
8
s

(6.27)

where the large difference in size between the parameters in the controllers are
explained by the large gain differences in the open loop systems.

The decentralised control law (6.24)-(6.25) was then used to control the
non-linear system. Figure 6.4 shows the output responses of the system when
a 10 % step change in the set-point of the first output, San,sp

NO , is applied. In
the same way, Figure 6.5 shows the output responses for a 10 % step change
in the set-point value of the second output, Se,sp

NO . The conclusions from the
HIIA in (6.20) were that the first output, San

NO, is affected by both the input
signals while the second output Se

NO is mainly affected by the second input
signal, SS,in. Considering the control law (6.24)-(6.25) it is clear by definition
that a change in the set-point San,sp

NO causes a direct change in the first input
signal, Qi while the second input signal is unaffected. In the same manner, a
change in the other set-point Se,sp

NO causes an immediate change in the second
input, SS,in, but leaves the first input signal unaffected.

Combining this reasoning with the results of the HIIA, it can thus be ex-
pected that a step change in San,sp

NO will have a relatively small impact on the
output Se

NO, while a step change in Se,sp
NO will have a larger impact in the

first output channel. This is also confirmed by the simulation results in Fig-
ures 6.4 and 6.5. The disturbance response of the first output is considerably
larger when the set-point Se,sp

NO is changed than vice versa. It should be noted
that like the stationary operational maps, these simulations are merely strong
indications that the HIIA in (6.20) provides a reasonable result. Of course,
the performance of the closed loop system depends also on the choice of de-
centralised controller. However, using reasonable controllers tuned to achieve
same rise time in both control loops should make the comparison above relevant.

6.4.2 Multivariable Control

Next, a simple multivariable control strategy is evaluated. The specific struc-
ture of the controller is determined using the HIIA analysis results. In Section
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Figure 6.4: Decentralised control output responses of the system for a step
change in the set-point of the first output, San

NO. Upper plot: Solid line shows
the response of the output San

NO. Dashed line shows the set-point value. Lower
plot: The response of the second output Se

NO is plotted.

6.3.3, it was concluded from the HIIA analysis that in the neighbourhood of
the first operating point given by the input signal ū1 in (6.14), a structured
multivariable controller might be preferable to decentralised control. To choose
a suitable control structure, first note that according to (6.20), the dependence
of the first input signal on the second output signal is relatively low. One
possibility to perform the control design could therefore be to approximate the
non-linear system with a triangular linear system according to

[
San

NO(s)
Se

NO(s)

]
=

[
G1(s) G3(s)

0 G2(s)

] [
Qi(s)

SS,in(s)

]
(6.28)

where the elements in the transfer function matrix are obtained by linearising
the non-linear system in the neighbourhood of the operating point given by the
input signal ū1.

Since the second output, Se
NO, is assumed to depend only on the second

input, SS,in, it is convenient to choose SS,in according to

SS,in(s) = F2(s)(Se
NO(s) − Se,sp

NO (s)). (6.29)

The first output signal, San
NO is affected by both input signals. A suitable choice



6.4. Control Simulations 103

40 45 50 55 60 65 70 75 80
8.4

8.6

8.8

9

9.2

9.4

S
N

O
an

 [m
g/

l]

40 45 50 55 60 65 70 75 80
13

14

15

16

time [h]

S
N

O
e

 [m
g/

l]

Figure 6.5: Decentralised control output responses of the system for a step
change in the set-point of the second output, Se

NO. Upper plot: The response
of the first output San

NO is plotted. Lower plot: Solid line shows the response
of the output Se

NO. Dashed line shows the set-point value.

might be to take this into account in the control law, for instance by letting

Qi(s) = F1(s)(S
an,sp
NO (s) − San

NO(s)) + F3(s)SS,in(s) (6.30)

where the latter term can be seen as a feedforward part.

Inserting the control signals (6.29)-(6.30) into the expression for the lin-
earised system (6.28) directly yields

San
NO(s) =

G1(s)F1(s)
1 + G1(s)F1(s)

San,sp
NO (s) +

(G1(s)F3(s) + G3(s))
1 + G1(s)F1(s)

SS,in(s) (6.31)

Se
NO(s) =

−G2(s)F2(s)
1 − G2(s)F2(s)

Se,sp
NO (s) (6.32)

and it is seen that the system will be completely decoupled if the feedforward
controller F3(s) can be chosen as

F3(s) =
−G3(s)
G1(s)

. (6.33)

In the simulations, the controller F3(s) was obtained in the way described
above. The non-linear system was linearised in a neighbourhood correspond-
ing to [San

NO Se
NO] = [9 15] which corresponds to the input signal values
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u0 = [39400 43]. Using (6.33) on the obtained linear model resulted in this
case in a strictly proper linear feedforward controller. The controllers F1(s) and
F2(s) used in the experiment were the same as before, see (6.26) and (6.27).
The presented control law was applied to the non-linear system. Figures 6.6
and 6.7 show the output responses for step changes in the set-point of each
output as in the previous simulations. Comparing Figures 6.5 and 6.7 it can
be seen that the impact of the input signal SS,in on the output signal San

NO is
greatly reduced when the feedforward controller is included, i.e. when a step
change in the set-point of Se

NO is applied, the magnitude of the disturbance
response in San

NO is much lower.
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Figure 6.6: Feedforward control output responses of the system for a step
change in the set-point of the first output, San

NO. Upper plot: Solid line shows
the response of the output San

NO. Dashed line shows the set-point value. Lower
plot: The response of the second output Se

NO is plotted.

In the simulation example considered here, the decoupling above is only
approximate since the system is non-linear. Thus, the disturbance in the out-
put San

NO in Figure 6.7 is not completely attenuated. Further, as mentioned,
in the non-linear system the impact of the first input signal on the second
output is not strictly zero as in the linear model example (6.28). Therefore,
the disturbance response of Se

NO in Figure 6.6 is not strictly zero. This exam-
ple, however, shows how the HIIA can be used to determine an approximate
decoupling control law for a non-linear system in the neighbourhood of some
operating point.
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Figure 6.7: Feedforward control output responses of the system for a step
change in the set-point of the second output, Se

NO. Upper plot: The response
of the first output San

NO is plotted. Lower plot: Solid line shows the response
of the output Se

NO. Dashed line shows the set-point value.

6.5 Discussion

Here, the results in the previous section are further discussed. The results from
the RGA and the HIIA analysis are also compared to each other and the rele-
vance of the results are discussed from a process knowledge point of view. The
validity of the results is also discussed from a more general point of view.

For the first operating point, the RGA clearly suggested a diagonal pairing,
i.e. the input Qi should be used to control the output San

NO and that the input
SS,in should control the output Se

NO. This seems reasonable when considering
the operational map in Figure 6.3 where the stationary values of Se

NO seem to
depend mostly on the stationary values of SS,in. From the other operational
map in Figure 6.2 it is harder to draw any conclusions. The HIIA analysis also
shows that if a decentralised controller is to be used, diagonal pairing is to be
preferable. However, the HIIA also provides the information that in this oper-
ating point, the output San

NO is also dependent on the input SS,in and thereby
that a sparse multivariable controller according to (6.23) may be a better op-
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tion. Thus, the HIIA adds valuable information about the cross couplings in
this operating point. The results are also in line with the conclusions that can
be drawn from general process knowledge. In the first operating point, SS,in is
comparatively low, and there will be a lack of readily biodegradable substrate
available for denitrification. Since there is not enough readily biodegradable
substrate, the denitrification process in the anoxic compartment will be in-
complete, which means that all of the recirculated nitrate is not denitrified.
Thus, the nitrate concentration San

NO will depend both on how much readily
biodegradable substrate that is added and on how much nitrate that is recircu-
lated from the aerobic compartment to the anoxic, i.e. on both input signals.
In this situation the nitrate concentration in the aerobic compartment, Se

NO,
depends mainly on the input SS,in, because when the denitrification in the
anoxic compartment is incomplete, the internal recirculation only leads to an
internal transport of nitrate that does not affect the effluent nitrate concentra-
tion of the system. In other words, for low values of SS,in, there is no meaning
in increasing Qi since it does not affect the effluent nitrate concentration Se

NO.
To conclude, both the result from the RGA analysis and from the HIIA analysis
therefore seem valid. The HIIA gives more information about the actual cross
couplings in the system, and thereby gives an opportunity to design a better
controller. The control simulations in Section 6.4 also confirm these conclu-
sions. The particular decentralised control structure suggested by the RGA is
also suggested by Ingildsen (2002), however not as a result of a cross coupling
analysis but from an economical point of view.

In the second operating point, the RGA gives an indication (however not
very strong) that the input-output pairing now should be the reversed, i.e. an
anti-diagonal pairing. The conclusion from the HIIA analysis is that a full
multivariable controller should be used. It is hard to evaluate the relevance of
the RGA analysis from the operational maps or from a physical reasoning. It
is clear from the operational maps that in this transition phase, both outputs
rely on both inputs, and the HIIA thus seems to provide a reliable result.

In the third operating point, the RGA suggests the same pairing as in the
second operating point with approximately the same order of magnitude on
the RGA elements. Here, an interesting difference occurs when considering
the HIIA analysis. Since the elements on the first row of the HIIA is close
to zero, it indicates that the first output San

NO is difficult to affect at all using
any of the two input signals. The second output, Se

NO, is mainly affected by
the first input signal, Qi, but also to some extent by the other input SS,in. A
physical interpretation is that in this case the access of readily biodegradable
substrate is sufficient, and the concentration San

NO takes very low values. This
means that the denitrification in the anoxic compartment is complete. Since
there is a good access to readily biodegradable substrate and the nitrate con-
centration San

NO takes low values, San
NO will not decrease further if more readily

biodegradable substrate SS,in is added. If less readily biodegradable substrate
is added, San

NO will not increase as long as the addition is still large enough for
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the denitrification to remain complete. In this operating point, when more ni-
trate is recirculated through an increase of the internal recirculation flow rate,
Qi, San

NO will not be affected much as long as the transition phase is not passed,
i.e. while the denitrification still is complete. If instead the internal recircula-
tion flow rate is decreased, less nitrate has to be denitrified and the stationary
San

NO remains relatively unchanged. Thus, the gains from both input signals are
low. As mentioned, the second output, Se

NO, is in this operating point mainly
affected by the internal recirculation flow rate, Qi. If, for instance, more nitrate
is recirculated, more nitrate will also be denitrified and the nitrate concentra-
tion Se

NO is thus reduced. This behaviour is at least reflected in the HIIA,
although these conclusions are hard to draw directly from the HIIA without
any prior process knowledge. In order to control the system in this operating
range, i.e. so that a low effluent nitrate concentration is obtained, one pos-
sible strategy is to add sufficient amounts of readily biodegradable substrate
to achieve complete denitrification in the anoxic compartment. The nitrate
concentration in the aerobic compartment can then be moderated by adjusting
the internal recirculation flow rate. Expressed in control terminology, the input
SS,in should be used to keep the output San

NO at a low set-point. The input Qi

should be used to control the output Se
NO to some desired value. This specific

pairing is also what the RGA recommends, although as seen above, additional
useful information can be extracted from the HIIA.

The main conclusion that can be drawn from this study is that the HIIA
is a more powerful tool than the RGA when it comes to evaluating channel
interactions in general, and may therefore be used in order to determine more
elaborate control structures than just decentralised controllers. It should, how-
ever, be noted that the RGA assumes decentralised control to be used, while
the HIIA rather investigates the controllability and observability of each par-
tial input-output subsystem. The RGA certainly gives some indication of how
large the channel interactions may be, but does not preserve the structure of
the transfer function matrix. The HIIA gives a detailed information of the size
of the interactions for each channel. One way of describing it is that the HIIA
investigates properties that the RGA cannot because of the needed preassump-
tion. Another difference is that the HIIA takes the whole frequency range into
account. This could certainly increase the usefulness for many applications
with high energy content at higher frequencies. In this particular study, how-
ever, this has very little to do with the different conclusions that can be drawn
since most of the energy is located at low frequencies. For instance, the HIIA
seemed insensitive to a pre-filtering procedure cutting off higher frequency com-
ponents. The results of the HIIA actually follows the conclusions that can be
drawn directly from Figures (6.2)-(6.3), although higher frequency components
also are taken into account in the HIIA. The most obvious drawback of the
HIIA method may be that the results are scaling dependent. However, in this
study, the results did not seem very sensitive to changes in the scaling matrices,
as long as the elements were chosen fairly reasonable in a physical sense.
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In the overall consideration, process economy should also be weighted into
the choice of control structure and desired operating range, not just the goal
to reduce nitrate concentration as much as possible. As will be discussed in
Chapter 7, the cost optimal choice of set-point for nitrate in the anoxic com-
partment (and thereby the actual operating point) is highly dependent on the
energy prices, on the price on external carbon source, and of course also on the
desired effluent nitrate concentration.

6.6 Conclusions

The cross couplings in a bioreactor model describing a pre-denitrifying wastewa-
ter treatment plant have been studied. Two different tools were used to evaluate
the cross couplings, the Relative Gain Array (RGA) and the Hankel Interaction
Index Array (HIIA). A general conclusion from the presented analysis is that
both the RGA and the HIIA give reasonable results for the studied example.
An important difference is, however, that the HIIA provides information that
the RGA does not. The results from the HIIA analysis gives an understanding
of the actual cross couplings in the system in terms of magnitude and character,
and are thereby useful for suggesting suitable multivariable control structures.
The validity of the results is also illustrated by means of some control experi-
ments where the control structure suggested by the HIIA reduced the channel
interactions compared to the decentralised control structure.



Chapter 7
Cost-Efficient Operation of a
Denitrifying Activated Sludge
Process

IN recent years, cost minimisation has become increasingly important in the
control and operation of wastewater treatment plants. In order to run a

plant economically, operational costs such as pumping energy, aeration energy
and dosage of different chemicals should be minimised. At the same time, the
discharges to the recipient should be kept at a low level. Of course, minimising
the operational costs and at the same time treat the wastewater properly may
lead to a conflict of interest that must somehow be solved. This conflict can
be seen as a multi–objective optimisation problem where effluent discharges
must be balanced against operational costs. The main problem is how to keep
the effluent discharges below a certain pre-specified limit to the lowest possible
cost, see Olsson and Newell (1999). Part of the answer is to design the control
algorithms in such a way that the overall operational costs are minimised. This
goal can be attained in different ways. As an example, the controller set-points
could be separately optimised or the cost could be minimised online by some
control strategy, for instance model predictive control (MPC). See Qin and
Badgwell (2003) for how MPC can be used in this context. In some countries,
the authorities charge according to effluent pollution. A possible way to formu-
late the on-line minimisation criterion in such a case is to use a cost function
that takes actual costs (energy and chemicals) into account and at the same
time economically penalises the effluent discharges.

Over the years, much effort has been put in developing economically efficient
control strategies for operation of wastewater treatment plants. An interesting
cost function is presented in Carstensen (1994) where the effluent nitrogen is
penalised using a piecewise linear discontinuous function. The papers Yuan et

109
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al. (1997), Yuan et al. (2002b) and Yuan and Keller (2003) all consider efficient
control of the denitrification process. The optimal set-point for the nitrate con-
centration at the outlet of the anoxic zone is then found to be near 2 mg(N)/l
or, at least, in the interval 1–3 mg(N)/l. In Ingildsen et al. (2002a), an op-
timisation of the dissolved oxygen (DO) and nitrate set-points is made and
illustrated in stationary operational maps. In Galarza et al. (2001b) steady-
state operational maps are utilised to examine the feasible operating area for
two activated sludge processes with emphasis on sensitivity analysis. Fuzzy
control evaluated using multi-criteria cost functions is the subject of Cadet et
al. (2004). In Vanrolleghem and Gillot (2002), different multi-criteria control
strategies are evaluated.

In this chapter, the choice of optimal set-points and cost minimising control
strategies for the denitrification process in an activated sludge process config-
ured for pre-denitrification are evaluated. The manipulated variables (input
signals) are the internal recirculation flow rate and the flow rate of an external
carbon source. The controlled variables (output signals) are the nitrate concen-
trations in the last anoxic compartment and the effluent. In order to compare
the impact of different criterion functions, stationary simulations utilising the
COST benchmark (see Copp (2002)) are considered. By means of operational
maps the results are visualised. It is found that, in many cases, there is a clear
set-point area where the process can be said to be efficiently controlled in an
economic sense. It is also discussed how efficient control can be accomplished.

The organisation of the chapter is as follows: In Section 2, the simulation
model (the COST benchmark) is briefly described together with the associated
operational costs. In Section 3 simulation results are presented using opera-
tional maps. The simulation results are discussed and interpreted in Section 4.
Finally, in Section 5 the general conclusions are drawn.

7.1 The Model and the Operational Cost Func-
tions

In the simulation study presented in this chapter, the COST benchmark model
briefly described in Chapter 1 is used, see Jeppsson and Pons (2004) for a gen-
eral survey and Copp (2002) for a more technical description. In the benchmark
model, five biological reactors are implemented using the ASM1. The model
plant is pre-denitrifying with two anoxic and three aerated compartments. A
secondary settler is also implemented. For a schematic overview of the bench-
mark model, see Figure 7.1.

The aim here is to analyse the stationary operational costs of the deni-
trification process, and in order to visualise the costs, these are presented in
stationary operational maps together with the considered output signals. The
output signals are the nitrate concentration in the last anoxic compartment,
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Figure 7.1: Schematic representation of the simulation benchmark bioreactor
configuration.

San
NO [mg (N)/l], and the nitrate concentration in the effluent, Se

NO [mg (N)/l].
The available control handles considered in this thesis are the internal recircu-
lation flow rate Qi [m3/day] and the flow rate of an external carbon source,
Qcar [m3/day]. The carbon source is assumed to be ethanol with a COD of
1.2·106 mg (COD)/l.

To express the cost for controlling the denitrification process, a number of
partial costs are taken into account:

• Pumping costs due to the required pumping energy;

• Aeration costs due to the required aeration energy (which may vary even
though only the denitrification process is considered);

• External carbon dosage costs;

• A possible fee for effluent nitrate discharge.

In the benchmark, the total average pumping energy over a certain period
of time, T , depends directly on the internal recirculation flow rate Qi and is
according to Copp (2002) calculated as

EP =
0.04
T

∫ t0+T

t0

(
Qr(t) + Qi(t) + Qw(t)

)
dt (7.1)

expressed in units of kWh/day. In (7.1), Qr denotes the return sludge flow rate
and Qw the excess sludge flow rate, both in units of m3/day.

The average energy in kWh/day required to aerate the last three compart-
ments can in turn be written as

EA =
24
T

∫ t0+T

t0

5∑
i=3

(
0.4032KLai(t)2 + 7.8408KLai(t)

)
dt (7.2)

where KLai(t) is the oxygen transfer function in the aerated tank number i in
units of h−1. Even though the denitrification process is anoxic, it is important
to include the cost for aeration. Excessive use of an external carbon source has
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a large impact on the required aeration energy, and thus on the total cost.

Further, assuming a prize kcar [EUR/m3] on the external carbon source
and that an external carbon flow rate, Qcar(t) [m3/day], is fed into the process
during the time interval T , the cost per day of the external carbon flow rate is

Ccar =
1
T

∫ t0+T

t0

kcarQcar(t)dt (7.3)

expressed in EUR/day.

Normally, when nitrogen concentrations in the effluent water are econom-
ically charged, the fees consider the total nitrogen discharges in the effluent
water. In this thesis, only the operation of the denitrification process is con-
sidered. Therefore, the effluent discharge fees used here only consider nitrate
concentrations in effluent water. A reasonable way to describe a fee for the
effluent nitrate discharge is to let the fee depend on how large mass of nitrate
that is discharged per time unit. This depends, of course, on the effluent flow
rate Qe(t) and the nitrate concentration in the effluent, Se

NO(t). The nitrate
discharge cost may be expressed as (in EUR/day)

CNO =
1
T

∫ t0+T

t0

fNO(Qe(t), Se
NO(t))dt (7.4)

where fNO is some function describing the fee. Now, assuming a constant en-
ergy prize, kE , the total cost expressed (in EUR/day) can be calculated during
a representative time interval T from (7.1)-(7.4) as

Ctot = kE(EP + EA) + Ccar + CNO (7.5)

The fee functions for the discharge of nitrate can have different forms. Nor-
mally, the fee functions are set-up by the legislative authorities. Here, three
typical fee functions are considered:

1. No charge is added for the disposal of nitrate, i.e.
fNO(Qe(t), Se

NO(t)) ≡ 0. In practice, even though not associated with a
direct fee, it is common to have legislative limits on the average effluent
nitrate concentration in such a case.

2. Effluent nitrate is charged with a constant cost, say ∆α per discharged
kg. Such a fee function is

fNO(Qe(t), Se
NO(t)) = ∆αSe

NO(t)Qe(t) (7.6)

3. Effluent nitrate is charged with a constant cost per discharged kg, ∆α,
up to a legislative discharge limit for the effluent concentration, αlimit.
Above this limit the cost of discharging additional nitrate is ∆β. Exceed-
ing the limit also imposes an additional charge of β0 per volume effluent
water. A mathematical description of this cost function is given in (7.7)
and the cost function is depicted in Figure 7.1.
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fNO(Qe(t), Se
NO(t)) =

=




∆αSe
NO(t)Qe(t) if Se

NO(t) ≤ αlimit

∆ααlimitQe(t) + β0Qe(t)+
+∆β(Se

NO(t) − αlimitQe(t)) if Se
NO(t) > αlimit

(7.7)

In the cost functions above, the effluent flow rate is calculated as Qe(t) =
Qin(t)−Qw(t). The difference between the cost functions presented in Carstensen
(1994) and the one in (7.7) is that here only the nitrate discharge is pe-
nalised, while in Carstensen (1994) the nitrate and ammonium concentrations
are lumped together and charged.

0
0

Effluent concentration

C
os

t p
er

 v
ol

um
e

Legislatory limit 

∆ α

∆ β

β
0

Figure 7.2: Cost function for the discharge of nitrogen for a given Qe as pro-
posed by Carstensen (1994). Below the legislative limit the slope equals ∆α
and above it is ∆β.

7.2 Simulation results

The considered cost functions for penalizing nitrogen discharge are evaluated
utilizing the COST benchmark. In the simulation study, the benchmark WWTP
is fed with constant influent flow rate of wastewater, 18 446 m3/day. The influ-
ent is assumed to have a concentration of readily biodegradable substrate, SS,i,
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of 60 mg (COD)/l. All of the other parameters adopt the standard values used
in the benchmark, these values can be found in, for instance, Copp (2002) or on
the COST homepage COST (August 10, 2005). See Table 7.2 and Table 7.2 for
other values describing energy prices, carbon source prices and fee functions.
These values are in the sequel referred to as the nominal case.

Parameter Value Unit
kE 0.037 EUR/kWh
kcar 549 EUR/m3

Table 7.1: Nominal energy and carbon source prices used in the simulation
studies. The energy price, kE , is based on yearly average prices from a major
Swedish supplier. All costs are recalculated from swedish currency unit SEK.
Here, 1 SEK = 9.11 EUR.

Parameter Value Unit
αlimit 8.0 mg(N)/l
β0 1.4 EUR/1000 m3

∆α 2.7 EUR/kg NO

∆β 8.2 EUR/kg NO

Table 7.2: Default parameter values of the nitrate fee functions used in the
simulation studies. All costs are recalculated from swedish currency unit SEK.
Here, 1 SEK = 9.11 EUR which implies, e.g., ∆α = 25 SEK/kg NO.

In each experiment, the benchmark has been run for 150 simulation days
for a grid of constant input values. Only the last 100 simulation days were con-
sidered when evaluating the cost functions to reduce the influence of transients.

7.2.1 Simulations with constant influent flow rate

In Figures 7.4–7.9 the benchmark has been run for a grid of different values
for the external carbon dosage, Qcar, and the internal recirculation flow rate,
Qi, in order to obtain stationary values of the nitrate concentrations. Qcar has
been varied in steps of 0.1 m3/day and Qi in steps of 2500 m3/day.

Figure 7.3 shows stationary operational maps for different parts of the total
cost. The energy cost is the sum of the aeration cost and the pumping cost.
The lower right plot shows the total cost when no charge on nitrogen discharge
is imposed. Clearly, in the nominal case, the carbon dosage cost starts to
dominate rather quickly when increasing Qcar.
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Figure 7.3: Stationary operational maps depicting different parts of the oper-
ational cost for a grid of different values of Qcar and Qi.

In Figure 7.4 the stationary operational map depicting the total cost is
shown for the nominal case in Table 1 when no nitrate discharge fee is used.
The level curves for the nitrate concentrations in the anoxic and aerobic com-
partments, San

NO and Se
NO, respectively, are plotted. From the figure, an opti-

mal nitrate set-point in the anoxic compartment is easily found for any given
effluent nitrate set-point (which is the desired effluent nitrate concentration for
the effluent nitrate). If, for instance, an effluent set-point of 13 mg (N)/l is
desired it is seen from the figure that the corresponding optimal set-point of
nitrate in the anoxic compartment is around 2.5 mg (N)/l and that the corre-
sponding optimal operational cost is around 400 EUR/day. With an effluent
nitrate set-point of 7 mg(N)/l, the optimal set-point of nitrate in the anoxic
compartment is between 1 and 1.5 mg(N)/l. If an operational map for a wider
operational area is studied, see Figure 7.5, it is seen more clearly that the value
of San

NO at the cost optimal point decreases as Se
NO decreases. In these simula-

tions, the maximum Qi is four times as large as in the other operational maps
(400 000 m3/day corresponding to about 21.7 times the influent flow rate). For
instance, if Se

NO = 2 mg(N)/l, San
NO near 0.3 mg(N)/l gives the cost optimal

operating point, see Figure 7.2.1. Note from the figures that the difference in
the operational costs between using optimal or non-optimal set-points of ni-
trate in the anoxic compartment may be significant.
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Figure 7.4: Stationary operational map for a grid of different values of Qcar and
Qi for the case with no nitrate fee. Solid lines show the total cost, dash-dotted
lines show the effluent nitrate concentration, Se

NO, and dotted lines show the
nitrate concentration in the anoxic compartment, San

NO. Nominal energy and
carbon source prices according to Table 1 are used.

In order to illustrate the impact of changes in energy prices on the choice
of optimal nitrate set-point in the last anoxic compartment, Figure 7.6 shows
simulations with the same settings as in Figure 7.4 except that the energy price
is 10 times as high (kE=0.37 EUR/kWh). It is seen that the external carbon
dosage now is less dominant in the total cost and that the optimal set-point
of nitrate in the anoxic compartment decreases to below 1 mg(N)/l for effluent
nitrate set-points less than 10 mg(N)/l, see Figure 7.6. Another interesting
case is illustrated in Figure 7.7, where the cost for dosing an external carbon
source is set to zero. This case is not unrealistic since the carbon source may
be provided free of charge if, for instance, industrial by-products are available.
The principal behaviour of the cost function in this case is the same as if a very
high energy price is used. The conclusion that can be drawn from Figure 7.7
is that even though provided for free, the dosage of an external carbon source
may have a large impact on the total cost. This is due to the impact of external
carbon addition on the aeration costs. The cheaper the price of carbon source,
the lower the optimal nitrate set-point in the anoxic compartment becomes.
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Figure 7.5: Stationary operational map with the same settings as in Figure 7.4
except that the range of Qi is four times as large.

Table 7.2.1 summarises optimal set-point values of nitrate in the anoxic
compartment for a number of effluent set-point values and operational costs.
In the table, the tendencies described above is seen. The first part of the table
shows the impact of a decreasing effluent nitrate set-point on the optimal value
of the anoxic nitrate set-point, the second part of the table shows the impact
of a higher energy price and the third part of the table shows some optimal
values when the carbon source is provided without cost.

Next, the case with a constant cost per discharged kilogram effluent ni-
trate according to (7.6) is investigated. Figure 7.8 shows this case with a fee
of 5.4885 EUR/kg effluent nitrate, i.e. ∆α = 5.4885 EUR/kg. The nominal
energy and carbon source prices from Table 1 are used. The cost-optimum
is now found at Qcar = 0.7 m3/day and Qi = 52 500 m3/day with a cost of
1620 EUR/day corresponding to San

NO = 1.7 mg(N)/l and Se
NO = 8.8 mg(N)/l.

The penalisation of nitrate discharges creates a well-defined minimum in the
total cost function and makes it less desirable to discharge more nitrate with
the effluent. Consequently, the importance of the set-point choice for San

NO has
become larger. The overall optimal nitrate set-point is marked by a star.
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Figure 7.6: Stationary operational map with the same settings as in Figure 7.4
except that the energy price is 10 times as high.

The effluent nitrate fee certainly has an impact on the cost-optimal efflu-
ent nitrate set-point. However, since there is no direct impact of the desired
(set-point) effluent nitrate concentration on the discharge fee, it may be hard
to relate the value of ∆α to the optimal operating point – or operating region
– at (or below) a certain effluent nitrate concentration. The location of the
optimal set-point concentrations also depends on the effluent flow rate Qe.

The third investigated nitrate cost function given by (7.7) has a discontinu-
ity at a certain predefined concentration of effluent nitrate, αlimit. If the jump
at the discontinuity, β0,is sufficiently large it is easy for the authorities to place
the optimal operating point at a certain predefined effluent nitrate concentra-
tion. Also in this case, the nominal energy price is considered. Figure 7.9 shows
the stationary operational map when using this cost function with parameter
values given by Table 7.2 (nominal energy and carbon source prices in Table
7.2 were used). The optimum point is located at Qcar = 0.825 m3/day and
Qi= 63 000 m3/day with a total cost of 1227 EUR/day, San

NO = 1.7 mg(N)/l
and Se

NO is, not surprisingly, Se
NO= 8 mg(N)/l. In practice, when treating

non-constant influent, it is of course advisory to chose an operating point that
is located slightly below the legislative limit. The region of economic efficient



7.2. Simulation results 119

0 0.5 1 1.5 2 2.5 3
0

1

2

3

4

5

6

7

8

9

10x 10
4

Q
car

 [m3/day]

Q
i [m

3 /d
ay

]

15

15

15

15

15

14

14

14

14

14

13

13

13

13

13

12

12

12

12

12

11

11

11

11

11

10

10

10

10

10

9

9

9

9

8

8

8

8

7

7

7

7
6

6

6

5

5

4

11

10
9

8

8

7

7

6

6

5

5

4

4

3

3

3

2

2

2

1

1

1

1.
5

1.
5

1.5

0.
5

0.
5

0.5

0.
25

0.
25

0.25

0.1

0.1

0.
1

0.
1

0.05

0.0
5

0.
05

0.
05

0.025

0.
02

5

0.
02

5

0.01

0.0
1

0.
01

0.005

0.005

0.005

0.002

0.002

0.001

300

32
0

340

340

360

360

360

380

380

380

40
0

400

400

400

42
0

420

420

420

440

440

440

460

460

480

500

Figure 7.7: Stationary operational map with the same settings as in Figure 7.4
except that the carbon source is assumed to be provided for free.

operation, say operation with a total cost below 1300 EUR/day, is relatively
large. The larger β0, the sharper the limit at αlimit becomes.

To check the robustness of the results, the sensitivity to changes in model
parameters on the location of the cost optimal operational points was investi-
gated. It was found that there were only minor differences between the obtained
operational maps, and in fact, for many changes of the model parameters most
of the optimum set-points almost coincide. The results are therefore omitted
here, see Samuelsson et al. (2005a) for details.
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Case Se
NO [mg(N)/l] San

NO [mg(N)/l] Qi [m3/d] Qcar [m3/d]

kE=0.037, 10 1.8 43000 0.55

kcar=549 7 1.3 73000 1.0

5 0.9 110000 1.4

2 0.35 280000 2.7

kE=0.37, 10 1.0 35000 0.6

kcar=549 7 0.6 58000 1.1

kE=0.037, 10 0.6 31000 0.7

kcar=0 7 0.4 56000 1.2

Table 7.3: Optimal values of San
NO, Qi and Qcar for a number of given values

of Se
NO are shown for the nominal case, the case in Figure 7.6 and the case in

Figure 7.7. The energy price kE are in units of EUR/kWh and the price for
carbon source in EUR/m3.
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Figure 7.8: Stationary operational map for a grid of different values of Qcar and
Qi. Solid lines show the total cost including a constant nitrate-charge per kg
effluent nitrate, dash-dotted lines show the effluent nitrate concentration, Se

NO,
and dotted lines show the nitrate concentration in the anoxic compartment,
San

NO. The star indicates the minimum-cost point. Here ∆α = 5.4885 EUR/kg.



7.2. Simulation results 121

0 0.5 1 1.5 2 2.5 3
0

1

2

3

4

5

6

7

8

9

10x 10
4

Q
car

 [m3/day]

Q
i [m

3 /d
ay

]

15

15

15

15

15

14

14

14

14

14

13

13

13

13

13

12

12

12

12

12

11

11

11

11

11

10

10

10

10

10

9

9

9

9

8

8

8

8

7

7

7

7

6

6

6

5

5

4

3000

2800

2800

2600

2600

2400

2400

2400

22
00

22
00

2200

2200

2200

20
00

20
00

2000

2000

2000

18
00

18
00

18
00

18
00

1800

1800

16
00

16
00

1600

16
00

16
00

14
00

1400

14
00

1400

1300

1300

13
00

11
10

9

8

8

7

7

6

6

5

5

4

4

3

3

3

2

2

2

1.
5

1.
5

1.5

1

1

1

0.
5

0.
5

0.5

0.1

0.
1

0.
1

0.
1

0.05

0.
05

0.
05

0.
05

0.03

0.03

0.
03

0.01

0.01

0.
01

0.005

0.005

0.001

0.
3

0.
3

0.
3

0.
3

0.3

0.3

0.
03

0.003

0.003

Figure 7.9: Stationary operational map for a grid of different values of Qcar

and Qi. Solid lines show the total cost including a nitrate-charge according
to (7.7), dash-dotted lines show the effluent nitrate concentration, Se

NO, and
dotted lines show the nitrate concentration in the last anoxic compartment,
San

NO. The additional charge for exceeding the legislative discharge limit at
αlimit = 8.0 mg(N)/l is here β0 = 1.3721 EUR/1000 m3. The star indicates
the minimum-cost point.
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7.2.2 Control Simulations with time-varying influent flow
rate

The COST benchmark model is now evaluated for three different time-varying
influent compositions representing dry weather, a storm event, and finally, a
rain event. The data files are those supplied for the COST Benchmark plant.

For each set of simulations the benchmark plant model has been run ac-
cording to the description given in Copp (2002) for a grid of different set-points
for San

NO and Se
NO, i.e. with constant influent for 150 days followed by a 14 day

simulation set with dryinfluent to generate initial states for the final 14 day
simulation with either dryinfluent again or with one of the other two influent
files (i.e. storm- or raininfluent). Only the last seven simulation days are used
in the evaluation.

In the evaluation, two PI-controllers were used to control the effluent nitrate
concentration from the anoxic zone, San

NO, and the aerobic zone, Se
NO. A decen-

tralised (diagonal) regulator structure is used where Qi is employed to control
San

NO and Qcar is employed to control Se
NO. Consequently, the decentralised

control can be written as

Qi(s) = F1(s)E1(s) (7.8)

Qcar(s) = F2(s)E2(s) (7.9)

where E1(s) is the Laplace transformed control error of the first loop, i.e.
e1(t) = San,sp

NO (t)−San
NO(t), and E2(s) is the Laplace transformed control error

of the second loop, i.e. e2(t) = Se
NO(t) − Se,sp

NO (t) since this process is known
to have negative gain. These controllers were tuned to give approximately the
same rise and settling time and were

F1(s) = 1300 +
1300
0.05s

(7.10)

F2(s) = 0.05 +
0.05
0.13s

(7.11)

The results are visualised in operational maps of the total cost in EUR when
effluent nitrate is penalised according to the cost function (7.7) proposed by
Carstensen (1994), see Figures 7.10, 7.11 and 7.12. The used parameter values
are those listed in Table 1.

For all of the three influent compositions, there is a set-point area where
the total cost is lower compared to the surrounding set-point choices. The
optimal set-point combinations are arranged regularly and marked in the plots.
The results are in accordance with the steady-state results discussed in the
previous section, i.e. the optimal set-points are in the same interval for the
corresponding operational areas.
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Figure 7.10: Operational map depicting total cost for a grid of different set-
points of Se

NO and San
NO when using PI controllers and dryinfluent. The stars

indicate for each level of Se
NO the minimum-cost point.

7.3 Discussion

In this chapter, cost efficient operation of the denitrification process was stud-
ied. Considering the case when no charge on effluent nitrate is imposed it is
seen that, in the nominal case, the cost for dosing an external carbon source
dominates the total cost. It is also clear that the operational area with respect
to effluent nitrate is divided in two parts with different gain characteristics,
and that for each desired value (set-point) of Se

NO, there is a cost-optimal
point in the operational map corresponding to a certain value of the nitrate
concentration in the last anoxic compartment, San

NO. This point naturally also
corresponds to certain stationary values of the input signals, Qcar and Qi.
In contrast to what is described in, for instance Yuan and Keller (2003), the
findings here are that the cost-optimal set-point of nitrate in the anoxic com-
partment depends on the choice of effluent nitrate set-point, as well as the
specific operational costs. If low Se

NO levels are desired, the optimal San
NO level

decreases. The optimal San
NO level also decreases with increasing energy costs

(or decreasing costs for external carbon). The location of the optimal set-point
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Figure 7.11: Operational map depicting total cost for a grid of different set-
points of Se

NO and San
NO when using PI controllers and raininfluent. The stars

indicate for each level of Se
NO the minimum-cost point.

choice is, however, not very sensitive to variations in the ASM1 parameters.

From the figures above, some questions may arise. The first is which control
structures that can be expected to give a good performance in terms of distur-
bance rejection and set-point tracking. In different operating points different
control structure selections may be suitable. As indicated by e.g. Figure 7.4, in
the area of the operational map corresponding to cost-efficient nitrate control,
Se

NO is mostly affected by the input signal Qcar, while San
NO is affected by both

input signals in this area. This situation in particular is further discussed in
Chapter 6 and also to some extent by Yuan and Keller (2004). The second ques-
tion is how to design the actual control law in order to minimize operational
costs. Below, some possibilities for this control design are discussed:

• Use two different control loops (for instance PI-controllers) to control Se
NO

and San
NO separately. Given the desired nitrate effluent concentration,

Se
NO, the optimal set-point of San

NO can be found from the operational
maps depending on process conditions. For instance, in the nominal case,
if the set-point for Se

NO is chosen as 8 mg(N)/l, the optimal set-point for
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Figure 7.12: Operational map depicting total cost for a grid of different set-
points of Se

NO and San
NO when using PI controllers and storminfluent. The stars

indicate for each level of Se
NO the minimum-cost point.

San
NO is close to 1.5 mg(N)/l. If decentralized control is to be used, Qcar

should control Se
NO and Qi San

NO. Non decentralised control structures
may, however, yield a better performance as discussed in Chapter 6.

• Another possibility in the nominal case, see Figure 7.4 is to use a constant
high (but not excessively high, see Figure 7.5) internal recirculation flow
rate Qi and to use only Qcar in order to control the nitrate effluent
concentration. Since Qi has a much smaller impact on the total cost
than Qcar, this would render a close to cost-optimal operation. This
possibility has also been mentioned by Ingildsen (2002). This is of course
not a suitable strategy if the cost for the external carbon source is low
(or the energy price is very high), see also Figure 7.7.

• To achieve a cost-optimal performance in the nominal case, the total cost
could be minimized on-line using quadratic criteria yielding for example
LQG or MPC controllers. Such a criterion could be of the form

V =
∫ T

0

eT (t)Q1e(t) + uT (t)Q2u(t)dt (7.12)
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where e is a column vector containing the control errors and u the input
signals. The weighting matrix Q2 can be chosen to reflect the costs for the
different input signals and Q1 can be seen as a performance weight. The
difficulty with this criterion is how to weight control performance against
cost minimisation, i.e. how to choose the matrices Q1 and Q2. From
the prior knowledge obtained from Figure 7.4, in the nominal case, the
elements of the matrix Q2 could be chosen in an intuitive manner. A rule
of thumb could be to choose Q2 as a diagonal matrix with the element
corresponding to Qcar significantly larger than the element corresponding
to Qi, since the external carbon source is much more expensive than the
pumping of the internal recirculation flow rate in the nominal case and
thereby dominates the total cost. Such a choice clearly penalises a large
value of Qcar in the criterion.

• A simple grid search could be performed on-line until the optimal point
is reached. This method is simple and has the advantage that no op-
erational map and thereby no model is required. One such optimisation
algorithm is presented by Ayesa et al. (1998). This algorithm is employed
to minimise a global penalty function combining effluent requirements and
costs.

For the case when the nitrate discharge is penalised with a constant charge
per kg, see (7.6), it is seen from Figures 7.8 that this creates a minimum in the
total cost function (7.5). The main drawback using such a cost function for
automatic control is that it is hard to relate the location of the cost optimal set-
point to the nitrate discharge fee, ∆α, and thereby hard to say which set-point
a certain fee results in. This also depends on the effluent flow rate, Qe. This
problem is overcome if instead the fee function according to Carstensen (1994)
is implemented and the discontinuity is sufficiently large. The location of the
discontinuity of the fee function (7.7) immediately coincides with the optimal
set-point for the effluent nitrate, Se

NO. Using this fee in the total cost is a con-
venient way to achieve cost optimality for a certain set-point of effluent nitrate,
Se

NO, see Figure 7.9. Formulating the problem in this manner and minimising
this total cost function on-line using some automatic control strategy would
be a way translate the initial multi-objective optimisation problem of weighing
performance against operational costs into a simpler problem. If the discharge
of nitrogen over a certain legislative limit is directly associated with a higher
fee, this could clearly motivate the use of more advanced control strategies.
The impact of the fee in the control design is also easy to understand even for
people with a limited knowledge in automatic control, compared to the related
matter of choosing a performance weight in some quadratic criterion.

7.4 Conclusions

In this chapter a bioreactor model describing a pre-denitrifying wastewater
treatment plant is studied from a process economic point of view. The impact
of different nitrate cost functions on the location of the cost-optimal operating
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point were examined. Given the desired value of the effluent nitrate concentra-
tion, the energy price and the price of carbon source, there is a corresponding
optimal set-point for the nitrate in the anoxic compartment. The area of cost
efficient operation may be different depending on the chosen effluent set-point
and the fees for nitrate discharges. Not surprisingly, the lower the effluent ni-
trate set-point is chosen, the lower is the optimal set-point of nitrate in the
anoxic compartment. For low effluent set-points, the optimal anoxic set-point
may be located well below 1 mg(N)/l. Furthermore, when considering varia-
tions in the operational costs, it was found that a higher energy price (or a lower
cost for external carbon dosage) also decreased the optimal nitrate set-point in
the anoxic compartment. The simulations also show that the difference in the
operational costs between an optimal and non-optimal anoxic set-point may
be large. The locations of the optimal set-point values are, however, not very
sensitive to changes in the ASM1 parameters. With an appropriate nitrate cost
function, the legislative authorities can place the economic optimum in an area
where also the effluent regulations are met. Such a cost function would there-
fore be suitable for model based automatic control. Note that we only study
the denitrification process here and hence only consider nitrate discharges. A
natural extension is to also consider the nitrification process and then consider
total nitrogen discharges.
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Chapter 8
Conclusions and Topics for
Further Research

8.1 Conclusions

Strategies to improve the control of wastewater treatment plants are studied
in this thesis. In particular, control of nitrogen removal has been considered.
By using model based control strategies, the effluent concentrations of ammo-
nium, nitrate and organic matter may be reduced. The strategies also aims at
reducing the use of chemicals and energy.

Chapter 2 describes a simulator for the activated sludge process in wastew-
ater implemented in the programming language Java. The simulator is known
under the name JASS (Java based Activated Sludge process Simulator). The
simulator can be run over Internet and operated from a web browser. A user
friendly graphical user interface is employed to operate the simulator and to
present the simulation results in real time. Different automatic control strate-
gies which can be used to illustrate the importance of automatic control in
wastewater treatment plants are implemented. Educational experiences from
courses where the simulator have been used for both university students and
personnel from wastewater treatment plants are discussed. The main conclu-
sions are that the simulator has been percepted well by different student groups
and plant personell, is easy to use and is an effective tool for enhancing the
understanding of wastewater treatment.

For the denitrification process to work properly, sufficient amounts of read-
ily biodegradable substrate is necessary. In Chapter 3, an automatic control
strategy for adjusting the external carbon flow rate so that the nitrate concen-
tration in the last anoxic compartment is kept at a low pre-specified level is
suggested. A model based feedforward control combined with a standard feed-
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back PI controller is suggested. The feedforward part is derived from assuming
stationary conditions for the ASM1. By using some simplifying assumptions,
the resulting controller obtains an intuitive and simple form. Simulation results
show that the suggested controller, effectively attenuate process disturbances.
It is also discussed how to choose the set-point of nitrate in the anoxic com-
partments.

Nitrifying microorganisms need dissolved oxygen and a sufficiently large
aeration volume for converting ammonium to nitrate in the wastewater. The
objective of Chapter 4 was to develop a control strategy for adjusting the
aeration volume in order to quickly attenuate process disturbances without
needing excessively high DO levels. It is seen that in such a case, the aeration
volume has a great potential for being used as an efficient control variable. The
strategy is based on applying exact linearisation of the IWA Activated Sludge
Model No 1. Simulation results show that the suggested controller keeps the
ammonium set-point fairly well despite variations in influent load. However,
the simulations also showed that the proposed control law was sensitive to the
tuning of different controller parameters. Therefore, the experiences obtained
from these experiments were used to suggest a simplified feedforward control
law. This simplified controller was evaluated via some simulation experiments
on the COST benchmark. The control law was found to work well, was easy
to implement and involves only the tuning of one parameter in the feedforward
part.

A method for linearisation of models containing static input nonlinearities
in series with a linear model, so called Hammerstein models, is the topic of
Chapter 5. The method is based on exact linearisation via internal feedback
and is performed by differentiating the nonlinearity with respect to the input
signal. Using this approach, an integration is added in the loop gain of the
linearised system via the internal feedback. It is shown that the method pre-
sented here is in practice similar to the standard method utilising the inverse
of the static nonlinearity together with an integration. Particularly, in cases
when analytic inversion is difficult, the way to realize the linearisation in the
presented method provides an attractive alternative. A simple way to inves-
tigate the impact of model errors on the local stability of the method is also
suggested. The method is also illustrated with some simulation examples. An
extension of the method where the static nonlinearity is fed by both the input
and output signals is also presented and illustrated with some simulation re-
sults. As an example from wastewater treatment, the nonlinear oxygen transfer
describing the rate with which oxygen is transferred to the activated sludge via
the aeration system is linearised and some simulation results are shown.

In Chapter 6, the denitrification process is seen as a multivariable process
with the internal recirculation flow rate and the flow rate of an external car-
bon source as input signals, and the nitrate concentrations of the anoxic and
aerobic compartments as output signals. The chapter considers the problem
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of channel interaction in this multivariable system. Two different tools are
compared to evaluate the degree of channel interaction in the system: the well
known relative gain array and the more recently developed Hankel interac-
tion index array (HIIA). The process is analysed in different operating areas
with different characteristics. The results of the analysis are discussed from
a process knowledge point of view, and are also illustrated with some control
experiments. It is found that the HIIA gives a more detailed insight about the
actual cross couplings in the system, mirroring what can be determined from
process knowledge very well. The insights obtained from the HIIA are also
used to derive a suitable structured multivariable controller. In a comparative
study, simulating both a decentralised control law and the multivariable con-
troller obtained from the HIIA the analysis results are confirmed.

Possible choices of optimal set-points and cost minimising control strategies
for the denitrification process in an activated sludge process are discussed in
Chapter 7. Different criterion functions are compared by simulations utilising
the COST benchmark. The results are visualised in stationary operational
maps. It is found that it is easy to distinguish set-point areas where the process
can be said to be efficiently controlled in an economic sense. The characteristics
of these set-point areas depend on the chosen effluent nitrate set-point as well as
the actual operating costs. Changes in the ASM1 parameters does, however,
not seem to have a large impact on the locations of the optimal set-points.
The use of economic fees would certainly be an incentive to implement more
advanced control strategies in wastewater treatment plants, thereby utilising
more of the available sensor technology. Different possible ways to achieve
efficient control of the denitrification process is also discussed in the chapter.

8.2 Topics for Further Research

As stated in Chapter 2, JASS is a simulator under constant development. The
latest addition is the possibility to simulate biological phosphorus removal. A
topic for further research is to build in more degrees of freedom in the layout of
the simulated plant. A vision could be to let the user freely put the desired plant
configuration together from available components. Another possible (didactic)
research topic could be to conduct an updated and more thorough description
and evaluation of how JASS can and has been used for educational purposes.
Many future changes of the simulator may not, however, be on the research
level, but rather concern small changes to improve the program code.

The simple feedforward controller presented in Chapter 3 could be extended.
One example is to add a gain factor in the control law. Another possibility, ap-
plicable for reactors with long retention time could be to lowpass filter some of
the signals used in the controller. The control law could also be evaluated using
the estimates of the hydrolysis and the heterotrophic yield according to Ekman
et al. (2003). A difficulty with the controller is, as mentioned previously, that
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measured values of the influent concentration of readily biodegradable sub-
strate is needed. To overcome this problem, it would be interesting to develop
a suitable estimation strategy for this or some other closely related parame-
ter. It would also be possible to consider further simplifications of the control
law by ignoring the impact of the influent concentration of readily biodegrad-
able substrate, thus obtaining a controller depending only on the heterotrophic
yield, the flow rate and the influent and effluent nitrate concentrations. Such
a strategy must of course also be thoroughly evaluated in simulations. In
the controller, the direct addition of the feedforward and PI parts could also
be discussed. Since the structure of the controller presented here resembles
the controller obtained by exact linearisation derived in Milocco and Carlsson
(2001), the PI part could perhaps be implemented in the same way in order to
improve the performance. The most natural way to continue the work would,
however, be to evaluate the strategy on a real plant.

In the aeration volume controller described in Chapter 4, there are many
possible modifications. As mentioned, more advanced logics could be incorpo-
rated into the controller. Other rules for when to shut the aeration on and
off could be used. The order in which the aeration is switched may also be
of importance. Another possible experiment would be to keep the DO levels
within tighter limits, since low DO levels are desirable. The above applies for
both the simplified and the more complex controllers. A somewhat different
approach to the problem would be to specify the desired ammonium set-point
and the desired (low) DO set-point, calculate the volume necessary to keep this
ammonium set-point and aerate the nearest possible volume. The DO set-point
could then be adjusted by a supervisory DO controller in order to reach the
ammonium setpoint. A related issue is also the optimisation of the DO profile.
Different DO set-points could be used in different compartments to minimise
aeration costs and optimise performance. Verifications of the controllers on a
real plant would of course also be an important step.

A simple way to proceed with the linearisation method presented in Chap-
ter 5 would be to implement it in discrete time. The discretisation procedure
would render an approximate linearisation, which would be less exact the longer
the sampling interval. Stability issues could of course also be investigated in a
more general context.

Interaction measures based on Hankel norms are a relatively new concept.
Therefore, the potential to use these to investigate other parts of the activated
sludge processes is large. For instance, the analysis could be performed on
the full ASM1 describing both nitrification and denitrification in order to in-
vestigate impacts of cross couplings between these processes. The analysis in
Chapter 6 also suggests very specific control structures that could be further
evaluated on the full ASM1 or on a real plant. Economical viewpoints could
also be taken into consideration when evaluating controllers suggested by the
analysis. Since the Hankel norm based interaction measures provide a fairly
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novel tool, more general research in this area could also be possible. It could,
for example, be possible to investigate the sensitivity to scaling in a more gen-
eral context. Another possibility could be to examine the impact of different
normalisation procedures.

Chapter 7 leaves many topics open for further research. All the suggested
design methods could be investigated from an economical point of view by sim-
ulations. A great challenge would be to formulate a constrained optimisation
problem for minimising the operational costs and at the same time guarantee a
satisfying reduction of nitrate in the water. It would of course also be of great
interest to extend the results to investigate the operational costs in a more
plant wide approach. The nitrification process and costs for sludge handling
should be incorporated in such an approach.
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Appendix A
Appendix to Chapter 2

A.1 The Simulation Model

To evaluate different controllers and control strategies it is important to use
a model which realistically simulates a true plant. In the simulator, the IWA
Activated Sludge Model No. 1 by Henze et al. (1987) has been used to model
each compartment of the implemented process. The settler is modelled with
the clarification-thickening model by Takács et al. (1991).

For a completely mixed compartment, the following model structure holds
for a general component Z, see Bastin and Dochain (1990):

dZ

dt
= RZ(t) + D(t)(Zin(t) − Z(t))

where Zin(t) is the influent concentration of the actual component, Z(t) is
the effluent concentration which is equal to the concentration in the com-
partment under the assumption of complete mixing, D(t) is the dilution rate
(flow/volume), and RZ(t) denotes the reaction (growth) rate for the compo-
nent.

According to ASM1, the reaction rates for each of the components as de-

135



136 A. Appendix to Chapter 2

noted in Table 2.1 are:
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KNO + SNO
)ηgXB,H

− (iXB +
1

YA
)µ̂A(

SNH

KNH + SNH
)(

SO

KO,A + SO
)XB,A + kaSNDXB,H

RSND
= −kaSNDXB,H

+
XND

XS
kh

XS
XB,H

KX + XS
XB,H

(
(

SO

KO,H + SO
) + ηh(

KO,H

KO,H + SO
)(

SNO

KNO + SNO
)

)
XB,H

RXND
= (iXB − fP iXP )(bHXB,H + bAXB,A)

− XND

XS
kh

XS
XB,H

KX + XS
XB,H

(
(

SO

KO,H + SO
) + ηh(

KO,H

KO,H + SO
)(

SNO

KNO + SNO
)

)
XB,H

The reaction rate of the alkalinity, SALK , has been omitted since it does
not affect other components and the reaction rate of SI since it is inert and
does not react. For an explanation of the different process parameters and their
default values, see Henze et al. (1987).
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The settler is modelled with ten horizontal layers where each layer is as-
sumed to be completely mixed. The model is based on the solids mass balance
around each layer. The solids flux is denoted J and is assumed to depend on
settling velocity, vs, and concentration of particulate components X according
to J = vs(X)X. The concentration of the particulate components in a specific
layer is then found from

dX

dt
=

1
h

∆J (A.1)

where ∆J is the difference in flux over the layer, see Jeppsson (1996) or Takács
et al. (1991) for a further description of the numerical implementation of (A.1).
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Appendix to Chapter 3

B.1 Proofs for the relations (3.18)–(3.21)

Assume that S̄S is finite (this means that (3.18) is fulfilled). From (3.17) and
(3.15) it is seen that, at steady state:

1
V

ū =
1

YH
µ(S̄S , S̄NO)X̄B,H − kX̄B,H − D(SS,in − S̄S) (B.1)

X̄B,H =
DYH

βµ(S̄S , S̄NO)
(SNO,in − S̄NO) (B.2)

To see that (3.20) gives the desired set-point for SNO, insert (3.20) and (B.2)
in (B.1). This gives immediately:

S̄NO = Sref
NO

which proves (3.20).

The steady state value of SS can be obtained as follows. Equations (3.13)
and (B.2) give

X̄B,H =
D

D + bH − µ(S̄S , S̄NO)
XBH,in (B.3)

S̄NO = SNO,in − β

YHD
µ(S̄S , S̄NO)X̄B,H (B.4)

Inserting the expressions (3.12) and (B.3) in (B.4) and solving it for S̄S now
yields :

S̄s =
KS(D + bH)(SNO,in − Sref

NO)

µ̂H
Sref

NO

KNO+Sref
NO

ηg(SNO,in + β
YH

XB,H,in − Sref
NO) − (D + bH)(SNO,in − Sref

NO)

(B.5)
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which proves (3.21).

In order for (B.5) (and (3.21)) to be finite, its denominator must not be
equal to zero. According to (3.18), the same denominator must be positive for
S̄s to be positive. This gives after straightforward manipulations the expression
(3.18). The condition (3.19) guarantees positive solutions to exist for (B.5).

B.2 Proof of (3.24)

Assume that the external carbon source is added only to the first compartment
in the line. This gives the model:

dXB,H,1

dt
= µ(SS,1, SNO,1)XB,H,1 − bHXB,H,1 + D(XB,H,in − XB,H,1) (B.6)

dSS,1

dt
= − 1

YH
µ(SS,1, SNO,1)XB,H,1 + kXB,H,1 + D(SS,in − SS,1) +

1
V

u

(B.7)
dSNO,1

dt
= − β

YH
µ(SS,1, SNO,1)XB,H,1 + D(SNO,in − SNO,1) (B.8)

dXB,H,2

dt
= µ(SS,2, SNO,2)XB,H,2 − bHXB,H,2 + D(XB,H,1 − XB,H,2) (B.9)

dSS,2

dt
= − 1

YH
µ(SS,2, SNO,2)XB,H,2 + kXB,H,2 + D(SS,1 − SS,2) (B.10)

dSNO,2

dt
= − β

YH
µ(SS,2, SNO,2)XB,H,2 + D(SNO,1 − SNO,2) (B.11)

...

...
dXB,H,n

dt
= µ(SS,n, SNO,n)XB,H,n − bHXB,H,n + D(XB,H,n−1 − XB,H,n)

(B.12)
dSS,n

dt
= − 1

YH
µ(SS,n, SNO,n)XB,H,n + kXB,H,n + D(SS,n−1 − SS,n)

(B.13)
dSNO,n

dt
= − β

YH
µ(SS,n, SNO,n)XB,H,n + D(SNO,n−1 − SNO,n) (B.14)

For the last compartment in the line, compartment n, it will during steady
state hold that, according to (B.13) and (B.14):

0 =
1

YH
µ(S̄S,n, S̄NO,n)X̄B,H,n − kX̄B,H,n − D(S̄S,n−1 − S̄S,n) (B.15)

X̄B,H,n =
DYH

βµ(S̄S,n, S̄NO,n)
(S̄NO,n−1 − S̄NO,n) (B.16)
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Combining (B.15) and (B.16) gives:

0 =
D

β
(S̄NO,n−1 − S̄NO,n) − k

DYH

βµ(S̄S,n, S̄NO,n)
(S̄NO,n−1 − S̄NO,n)

− D(S̄S,n−1 − S̄S,n) (B.17)

The exactly similar procedure for compartment n − 1 gives the expression:

S̄S,n−1 = − 1
β

(S̄NO,n−2 − S̄NO,n−1) +
kYH

βµ(S̄S,n−1, S̄NO,n−1)
(S̄NO,n−2 − S̄NO,n−1)

+ S̄S,n−2 (B.18)

Inserting (B.18) in (B.17) now yields:

0 =
D

β
(S̄NO,n−2 − S̄NO,n) − D(S̄S,n−2 − S̄S,n)

−
n∑

i=n−1

k
DYH

βµ(S̄S,i, S̄NO,i)
(S̄NO,i−1 − S̄NO,i) (B.19)

Clearly, continuing this procedure replacing SS,n−2 by the expression from
compartment n−2 and so on down to the expression for compartment 2 finally
yields:

0 =
D

β
(S̄NO,1 − S̄NO,n) − D(̄SS,1 − S̄S,n)

−
n∑

i=2

k
DYH

βµ(S̄S,i, S̄NO,i)
(S̄NO,i−1 − S̄NO,i) (B.20)

Finally, inserting the expression for S̄S,1 obtained from (B.7) and (B.8) in
(B.20) and solve for the control signal u gives the general expression for the
carbon flow rate,

ū =Q[
1
β

(SNO,in − S̄NO,n) − (SS,in − S̄S,n)

− kYH

β

n∑
i=1

(S̄NO,i−1 − S̄NO,i)
µ(S̄S,i, S̄NO,i)

] (B.21)

which proofs (3.24).
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C.1 Similarity of the linearisation methods

In this appendix it is shown that the basic method described in this thesis is
in essential senses similar to the standard method completed with an integra-
tion. In other words, they generate the same control signal assuming that some
model, f̂ , of the true nonlinear function, f , is known. The conditions for this
to hold is also discussed below.

The linearisation method described in this thesis can be described as in
Figure C.1.

u1
s

v

1/df̂(u)
du

Figure C.1: System linearised via the internal feedback.

From the figure and (5.2), it is clear that in this case

u̇ =
v

df̂(u)
du

. (C.1)

Now, behold the standard method completed with an integration as depicted in
Figure C.2 and assume that the inverse function, f̂−1, of the function f̂ exists.
From this figure it is clear that
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uf̂−1(·)1
s

v ṽ

Figure C.2: The standard linearisation method complemented with an integra-
tion.

u̇ =
df̂−1(ṽ)

dṽ

dṽ

dt
=

df̂−1(ṽ)
dṽ

v (C.2)

and thus, the methods are equal if

1
df̂(u)

du

=
df̂−1(ṽ)

dṽ
. (C.3)

By definition it holds that
f̂−1(f̂(u)) = u (C.4)

and further from Figure C.2 it is seen that

u = f̂−1(ṽ)

which can be reformulated as
ṽ = f̂(u). (C.5)

Differentiating both sides of (C.4) with respect to u using the relation (C.5)
then yields that

df̂−1(ṽ)
dṽ

df̂(u)
du

= 1

and thus
df̂−1(ṽ)

dṽ
=

1
df̂(u)

du

.

Thereby, it is shown that the method presented in this thesis and the standard
method with an integration are similar in the sense that the derivatives of
the generated control signals, u̇, are equal in open loop, i.e. for the same v.
If f̂(0) �= 0, the generated control signals, u, might however be different. In
closed loop, if f̂(0) �= 0, the methods will generate different input signals during
a transient period until the integration has compensated for the off-set in f̂ .
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Carstensen, J., P. Harremoës and H. Madsen (1995). Statistical identification
of monod-kinetic parameters from online measurements. Water Science
and Technology 31(2), 125–133.

Conley, A. and M. E. Salgado (2000). Gramian based interaction measure.
In: Proceedings of the 39th IEEE Conference on Decision and Control.
Sydney, Australia. pp. 5020–5022.

Copp, J. B., Ed.) (2002). EUR 19993 – COST Action 624 – The COST sim-
ulation benchmark – Description and simulator manual. European Com-
munities. Luxembourg.

COST (August 10, 2005). Homepage for the COST simulation benchmark.
http://www.benchmarkwwtp.org.

de Arruda, G. H. M. and P. R. Barros (2001). Gain and phase margins tuning
for a PI nitrate controller in an activated sludge process. In: Proceedings
of the 1st IWA Conference on Instrumentation, Control and Automation.
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Estimating (combinations of) activated sludge model no. 1 parameters and
components by respirometry. Water Science and Technology 39(1), 195–
214.



BIBLIOGRAPHY 155

Vrecko, D., N. Hvala, A. Stare, O. Burica, M. Strazar, P. Cerar and S. Pod-
bevsek (2005). Improvement of ammonia removal in activated sludge pro-
cess with feedforward–feedback aeration strategies. In: Proceedings of the
2nd IWA Conference on Instrumentation, Control and Automation. Bu-
san, Korea. pp. 487–495.

Vrecko, D., N. Hvala and B. Carlsson (2003). Feedforward–feedback control
of an activated sludge process: a simulation study. Water Science and
Technology 47(12), 19–26.

Vrecko, D., N. Hvala and J. Kocijan (2002). Wastewater treatment benchmark-
what can be achieved with simple control?. Water Science and Technology
45(4–5), 127–134.

Waltin, J. (2000). Energioptimering av en aktivslamanläggning med
kväverening. Master’s thesis. Div. of Systems and Control, Dept. of In-
formation Technology, Uppsala University. In swedish. UPTEC W 00 009.

Weijers, S. (2000). Modelling, Identification and Control of Activated Sludge
Plants for Nitrogen Removal. PhD thesis. Technische Universiteit, Eind-
hoven. ISBN: 90-386-0997-3.

Weijers, S. R., G. L. Engelen, H. A. Preisig and K. van Schagen (1997). Eval-
uation of model predictive control of nitrogen removal with a carrousel
type wastewater treatment plant model using different control goals. In:
Proceedings of the 7th IAWQ Workshop on Instrumentation Control and
Automation of Water and Wastewater Treatment and Transport Systems.
Brighton, July 6–9. pp. 401–408.

WEST (March 14, 2005). Homepage for the WEST simulator.
http://www.hemmis.com.

Wik, T., C.M. Fransson and B. Lennartsson (2003). Feedforward feedback con-
troller design for uncertain systems. In: Proceedings of the 42nd IEEE
Conference on Decision and Control. Vol. 5. Maui, Hawaii USA. pp. 5328–
5334.
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