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ABSTRACT

Since the dramatic increase in individual mobility as well as on-road
transport capacity began in the middle of the 20th century, a considerable
share of the manmade emissions has been caused by cars and trucks. While
the emissions of otto engines could significantly be lowered by three-way
catalytic converters, most diesel engines still run without an exhaust gas
cleaning system. As a consequence, their particle and nitrogen oxide (NOx)
emission contributes considerably to the environmental pollution.

Forthcoming emission legislation will drastically lower the caps for
pollutants. Thus, large efforts are underway to achieve a decrease in the
emission of regulated components to levels that lie in the required ranges.
Retuning the engine in order to reduce particles and removing NOx from the
exhaust gas by a DeNOx system such as a selective catalytic reduction (SCR)
system could well be a suitable way to go.

Selective catalytic reduction systems are well known for stationary
applications and have a proven record of removing NOx from lean exhaust
gases. The transfer of this technology to mobile applications, however, still
poses certain problems. Available space is limited, the system may not be
heavy, and it has to be reliable and easy to maintain. Additionally, the
operation mode by definition is dynamic. The goal of this research was to find
a way to design efficient control algorithms for given SCR converter systems.
They have to allow a maximum NOx reduction while respecting the constraint
of a limited mean ammonia slip.

Preliminary studies are carried out on a dynamometer with a 6.6-liter diesel
engine working at a fixed engine speed. The catalytic converter system
consists of an oxidation catalytic converter, a device for the injection of urea
solution, and a coated cordierite-type SCR catalytic converter. The converter
volumes are 1.9 liter and 9.9 liter, respectively.
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Most experiments, including the final testing of various control strategies,
are conducted on a dynamometer with a 10-liter diesel engine. Two catalytic
converter systems are investigated. Both of them consist of an SCR converter
only, with a converter volume of 20 liter. While the first system contains
coated metallic honeycombs, the second one is built with extruded monolithic
catalytic converters.

A model structure is presented which desribes the intrinsic behavior of an
SCR catalytic converter system. It is parametrized for a coated cordierite as
well as for a coated metallic honeycomb converter system. The latter is
integrated into the model for the entire engine system with the 10-liter engine.
This model enables the simulation and study of the performance of the SCR
catalytic converter system as well as of the control strategy in new engine test
cycles and under various ambient conditions.

Currently, neither a perfect NOx sensor nor a perfect ammonia sensor for
control purposes on a mobile application is available. Only one NOx sensor
appears to resist the harsh environment of a tailpipe without daily
maintenance. However, it exhibits a significant cross-sensitivity against
ammonia. Therefore a procedure is developed which allows a process to be
conducted on-line and yield almost linear sensor characteristics. This process
includes separating the NOx from the NH3 measurement. This new procedure
thus allows the implementation of a simple feedback controller.

Various control strategies are developped. They incorporate a dynamic
model of the NOx formation, a model-based feedforward controller, the NOx
sensor filter, and an NOx feedback controller. For the generation of the
feedforward controllers a simplified model of the coated metallic honeycomb
converter system is used. The control strategies were tested using both SCR
catalytic converter systems on the dynamometer with the 10-liter engine. In
static as well as dynamic test cycles, NOx removal rates of up to 90% at a
mean ammonia slip of 10 ppm are achieved. The NOx emission lies well
within the range expected to be set by future emission legislation and allows
to retune the engine more fuel-efficiently.
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ZUSAMMENFASSUNG

Seit Beginn des dramatischen Anstiegs der individuellen Mobilität und der
Transportkapazität in der Mitte des letzten Jahrhunderts stellen
Abgasemissionen von Personenkraftwagen und Lastkraftwagen einen
beträchtlichen Anteil an der vom Menschen verursachten Schadstoffbelastung
der Umwelt dar. Die Emissionen von Ottomotoren konnten mit der
Einführung von Dreiwegekatalysatoren deutlich gesenkt werden.
Dieselmotoren hingegen fahren bis heute ohne Abgasnachbehandlungs-
systeme und verursachen einen grossen Anteil der Partikel- und
Stickoxidemissionen.

Künftige Abgasnormen werden deutlich tiefere Grenzwerte vorschreiben.
Sie stellen heute eine wichtige treibende Kraft in der Entwicklung von
Motoren und Abgasnachbehandlungssystemen dar. Ein mögliches Szenario,
um die Abgasnormen mit schweren Dieselmotoren zu erreichen, sieht vor, die
Motoren so einzustellen, dass sie weniger Partikel ausstossen, und die
Stickoxidemissionen mit einem Entstickungsverfahren zu senken, zum
Beispiel mittels Selektiver Katalytischer Reduktion (SCR). 

Die Selektive Katalytische Reduktion ist ein im Kraftwerksbau weit
verbreitetes, wirksames Verfahren. In mobilen Anwendungen ist es bisher nur
versuchsweise zur Anwendung gekommen. Gründe dafür sind strengere
Anforderungen an den Platzbedarf, die Aktivität der Katalysatoren,
Gewichtsbeschränkungen und die Wartungsfreundlichkeit. Nicht zuletzt hat
auch die Dynamik des mobilen Einsatzes und der Bedarf einer weiteren
Betriebsflüssigkeit eine breite Einführung verhindert. 

Ziel dieser Forschungsarbeit ist die Herleitung eines Designprozesses für die
Auslegung von effizienten Regelungen für SCR-Systeme. Sie sollen eine
möglichst hohe NOx-Reduktion erlauben, bei gleichzeitiger Einhaltung eines
maximalen Ammoniakschlupfs.
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Vorstudien sind an einem Motorenprüfstand mit konstanter Motorendrehzahl
ausgeführt worden. Das Hubvolumen des Motors ist 6.6 Liter. Das
Abgasnachbehandlungssystem besteht aus einem Oxidationskatalysator, der
Eindüsvorrichtung für Harnstofflösung sowie einem SCR Katalysator, einem
beschichteten Kordieritwabenkörper. Die Katalysatorvolumina sind 1.9 und
9.9 Liter. 

Die meisten Experimente wie auch die Überprüfung der Regelstrategien sind
auf einem Motorenprüfstand mit einem 10-Liter Dieselmotor gefahren
worden. Zwei Katalysatorsysteme sind untersucht worden; beide enthalten
nur einen SCR-Katalysator mit 20 Liter Volumen. Der eine ist ein
beschichteter Metallträgerkatalysator, der andere ein extrudierter
Vollkatalysator.

Mit einem Modell wird das Verhalten von SCR-Katalysatorsystemen
beschrieben. Es wurde erfolgreich parametriert für Kordierit- und
Metallträgerkatalysatoren. Letzteres wird in ein Modell für den gesamten
Motorenprüfstand integriert. Mit diesem Prüfstandsmodell können Testzyklen
und Störungen simuliert und kann deren Einfluss auf das Verhalten des SCR-
Systems und der Regelstrategie für die Harnstoffdosierung studiert werden.

Für den Einsatz als Bestandteil einer Motorsteuerung steht heute weder ein
perfekter NOx- noch ein perfekter Ammoniaksensor zur Verfügung. Einzig
ein NOx-Sensor wurde gefunden, der trotz Einsatz im Abgaskrümmer nicht
täglich gewartet werden muss. Dieser ist stark querempfindlich auf
Ammoniak. Deshalb wurde ein Verfahren entwickelt, mit dem die NOx- von
der NH3-Messung getrennt und eine fast lineare Sensorkennlinie generiert
werden kann. Diese erlaubt es dann, einen einfachen Regler einzusetzen.

Den verschiedenen entworfenen Regelstrategien sind folgende Elemente
gemeinsam: ein dynamisches Modell für die NOx-Produktion, eine
modellbasierte Vorsteuerung, das Filter für das NOx-Sensorsignal und ein
NOx-Regler. Zur Generierung der Vorsteuerungen wird eine vereinfachte
Version des Modells für das Katalysatorsystem mit dem
Metallträgerkatalysator verwendet. Die Regelstrategien werden auf dem
Prüfstand mit dem 10-Liter-Motor getestet. Dabei sind in statischen und
dynamischen Testzyklen NOx-Reduktionen von 90% bei einem mittleren
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Ammoniakschlupf von 10 ppm erreicht worden. Die dabei ausgestossenen
NOx-Emissionen liegen deutlich unter den künftigen Grenzwerten. Es ist
somit möglich, den Motor wieder brennstoffoptimal einzustellen.
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CHAPTER 1

INTRODUCTION

The minimization of fuel consumption and the reduction of emissions have
been driving forces for engine development during the last decades. The first
goal is in the financial interest of the vehicle owners. The second is enforced
by legislation, sometimes additionally supported by tax reductions or
customers’ demands for clean engines. 

The trends in emission legislation/certification point towards lower caps, a
change from steady-state to transient cycles, and to the regulation of
additional components. They are motivated by an improved understanding of
the effects of the emitted species on the environment and the will to tackle the
problems as efficiently as possible.

1.1 Pollutants in the Atmosphere

The impact of any pollutant on the atmosphere is dependent on its properties
of water solubility, volatility, and reactivity. The less soluble, the more
volatile, and the less reactive a species is, the more its effect becomes wide-
spread and long lasting.

In an effort to characterize the contribution of various pollutants to specific
problems, several potentials have been defined, such as the photochemical
ozone creation potential, the global warming potential, and the ozone
depletion potential. A comprehensive listing is published in the Climate
Change Report [39]. 
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The difficulties inherent in investigations of atmospheric problems are due
to the complexity of the atmospheric system in terms of mixing, transportation
and reactions, as well as the strong dilution of pollutants.

1.1.1 Inventory of Emissions

The combustion of fossil fuels transforms the fuel and the air used in
combustion into a wide range of products. The most important of those are
listed and described below.

Water (H2O) and carbon dioxide (CO2) are desired reaction products since
they stand for complete combustion. They are found as natural fractions of air.

Carbon monoxide (CO) is a colorless, inodorous, and flavorless gas. It is
very toxic.

Unburned hydrocarbons (HC) appear in a great variety. Due to their
importance some of them have to be mentioned specifically:

• Methane (CH4) has a low reactivity, resulting in a mean residence time 
in the atmosphere of 12.2 years. 

• Reactive organic gases (ROG) are the non-methane and non-
chlorofluorocarbon (non-CFC) fraction of the hydrocarbons. They are 
precursor substances to photooxidants, which are substances that irritate 
mucous membranes.

Certain side reactions occurring during the combustion of hydrocarbon fuels
also contribute to the emissions:

• Nitrogen oxide (NOx) is a side product of combustion. It is defined as 
the sum of nitric oxide (NO) and nitrogen dioxide (NO2). Nitric oxide is 
colorless, inodorous, and flavorless, whereas NO2 is a red-brown, toxic 
gas with a stinging odor. It attacks the lung tissue.

• Fossil fuels contain small amounts of sulfur. It is partly oxidized by 
combustion processes as well as by catalytic converters.
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Particulate matter (PM) comprises all the material in the exhaust pipe that is
solid, such as ash and soot, or liquid under normal conditions, aside from
unattached water. Thus, PM is a mixture of all sorts of pollutants.

When exhaust gases issued by a combustion process are treated with an
aftertreatment system, additional pollutants may emerge, e.g., ammonia
(NH3) and nitrous oxide (N2O).

• Ammonia is a gas with a strong odor. Together with nitric acid (HNO3) 
it easily forms an aerosol. Aerosols have a great affinity to surfaces and 
are quickly deposited.

• Nitrous oxide has a small reactivity and a residence time in the 
atmosphere of 120 years. It is a colorless gas that has a slightly sweet 
odor and taste. It is used in narcotic gases (laughing gas).

The proportion of the contribution of mobile fuel combustion to the total of
natural and manmade emissions varies strongly from one species to another.
While for CO2, PM, and NOx the share originating from the transportation of
goods and people is large, it is small for CH4, NH3, and N2O. For these
pollutants, it is agriculture and the decomposition of organic matter that cause
the lion’s share of emission.

1.1.2 Atmospheric Problems

Listed in increasing order of their impact on the time scale as well as on the
local scale, the main atmospheric pollution problems are Winter smog,
Summer smog, acid rain, ozone depletion, and global warming.

Winter smog is caused by high concentrations of CO and HC. It is a local
phenomenon that occurs in a stagnant atmosphere close to the pollutant
sources.

Summer or photo smog is a regional problem created chemically in the
troposphere. It is caused by ozone, a by-product of the photochemical
decomposition of reactive organic gases (ROGs). Fig. 1-1 shows two sketches
of the most important reactions of this radical chain propagation, with the
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NOx radical chain on the left, and the slower ROG radical chain on the right.
For the sake of simplicity the initiation as well as the termination reactions are
not depicted.

In the presence of sunlight, the NOx radical chain takes only a few minutes
to reach the photostationary state with an equilibrium of NO and NO2. It is
important to note that in this chain reaction the formation and the
decomposition of ozone and NO are coupled. At the same time the sunlight
initiates the photooxidation of reactive organic gases (ROGs). A number of
reactions taking place in this ROG radical chain are transforming NO to NO2,
bypassing the ozone decomposition of the NOx radical chain. During a
complete decomposition of many ROG molecules this bypassing occurs
several times. While the sunlight allows the NO/NO2 equilibrium to be
maintained, the bypassing of the ozone decomposition by the ROG chain
provokes the NOx chain reaction to form more ozone than can be
decomposed. In areas with air that is heavily loaded with ROGs, this causes
the ozone concentration to rise to considerable levels, especially in the
summer. Reactive intermediates of the ROG chain reaction and NO2 exit the
chain reactions in the form of new species, such as nitric acid (HNO3) and
hydrogen peroxide (H2O2). 

Figure 1-1: NOx radical chain and ROG radical chain, adopted and simpli-
fied from [92]. The radical chain reactions are coupled by the 
reactions sketched with dashed arrows. The mark R represents 
any organic rest of a molecule. The dots mark radicals.
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The removal of sulfur oxides, nitric acid, and ozone from the atmosphere
occurs by dry deposition or during rainfall. Acid rain is just a heavily
contaminated rain, impacting the soil, trees and lakes.

In the stratosphere, at a height of 20 to 25 km, the partial pressure of ozone
peaks at about 0.135 mbar (corresponding to about 5 ppm). It is formed in the
presence of short-wave sunlight (< 242 nm). The ozone is adsorbing almost all
light at a wavelength of < 300 nm, leading to an increase in temperature in the
stratosphere. At the same time reactions occur that in the troposphere are
inhibited due to this filtering of energy-rich radiation.

In the stratosphere human activities have caused an increase in the
concentration of non-reactive species, such as CO2, CH4, N2O, and
chlorofluorocarbons (CFC). On the one hand, they directly alter the radiation
balance, leading to a global warming. Their potential on a 100-year scale is
indicated as 1, 24, 360 and 4600 (CFC-11), respectively. On the other hand,
some of them lead to a decrease in ozone concentration, e.g., the whole class
of CFC. This results in more energy-rich sunlight reaching the lower
atmosphere and eventually the surface of the earth.

1.2 Diesel Exhaust Gas Aftertreatment

With the increase in fossil fuel consumption especially due to private
transportation the total amount of manmade emissions has increased
dramatically. The case of Switzerland serves as a typical example, as depicted
in Fig. 1-2. While car sales increased significantly starting in the 1950’s,
three-way catalytic converters (TWC) were not available at first, and not
mandatory in new cars later, which led to a significant increase in the emission
of NOx from mobile sources. Only with the introduction of TWCs starting in
the 1980s the situation considerably improved. The TWCs are placed in the
tailpipe of an otto engine where they complete the combustion by catalyzing
the exchange of oxygen from reducing species such as O2 and NOx to
oxidizing species such as HC and CO. Thus, a simultaneous reduction of these
components is possible. The work of the TWCs is enabled by the engine
control unit keeping the air-to-fuel ratio  close to one.λ
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Compared to gasoline engines, diesel engines are more fuel-efficient and
thus emit less CO2. However, since diesel exhaust gases contain excess
oxygen, a TWC is not useful with diesel engines. Furthermore, serious
concerns remain about their emissions of NOx and particulate matter (PM).
Figure 1-3 clearly shows the trade-off between NOx emission and PM
emission levels. Tuning an engine for a better fuel efficiency automatically
causes a higher level of NOx emission.

Designated by EURO 2 through EURO 4 Figure 1-3 also illustrates the
actual and expected reduction of the caps for PM and NOx emission in
Europe. A similar tightening of emission legislation is on-going in the United
States of America and in Japan. 

Figure 1-2: Evolution of the emission of nitrogen oxide in Switzerland from 
1950 to 2010 (projected in 1995), adopted from [13].
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The release of smaller amounts of NOx and PM to the atmosphere will first
reduce the direct impact of these components on the environment. Since the
initial concentrations are lower, the decomposition of ROG will proceed in a
shorter time and result in a lower final ozone concentration. The danger of a
Summer smog forming is thus eased. Concurrently, smaller amounts of nitric
acid are formed and thus the pollution of the environment by acid rain will be
lowered. 

Current emission limits for heavy-duty diesel vehicles set by EURO 3 can be
met by engine tuning. Various in-engine technologies have been applied to
meet legislation requirements, such as combustion system optimization,
intercooling, turbocharging, injection pressure increases, injection timing
retardation, development of smart electronic controllers, shaping of injection
rates, and exhaust gas recirculation (EGR). Although some of these
technologies are still not fully developed and others are still emerging, such as
homogenous charge compression ignition (HCCI), indications are that the
emission limits that will be defined by future legislation will require an
aftertreatment system in order to reduce NOx and/or to abate PM emissions to
the required levels. The reasons are limitations set by the combustion process
itself, development costs, or a high fuel penalty caused by the in-engine
emission abatement technologies. 

Figure 1-3: NOx-PM trade-off with diesel engines, adopted from [18].
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Currently the following devices are being investigated for use in a diesel
exhaust gas aftertreatment system:

• Diesel particulate filters (DPF) appear to be very effective in PM 
removal. They have to be regenerated, which is done either by fuel 
injection or catalytically. Their drawbacks are an increase in back 
pressure and a fuel penalty, and they still have a limited lifetime due to 
the accumulation of ash.

• Lean NOx traps (LNT) accumulate NOx and periodically regenerate 
under rich conditions. They lead to a fuel penalty. However, their major 
drawback is their being poisoned by sulfur.

• Selective catalytic reduction (SCR) continuously removes NOx. 
Upstream of the SCR catalytic converter a reducing agent is injected 
into the tailpipe. A number of nitrogen-containing reducing agents thus 
far have proved good selectivity. This is not the case for alternative SCR 
using HC-containing reducing agents.

• NOx oxidation catalytic converters and plasma generators are used to 
oxidize NO to NO2. The more reactive NO2 then is used to improve the 
performance of the filter, the trap, or the SCR process.

While DPF do not affect the NOx concentration, both LNTs and SCR
converters reduce PM. Additionally, DPF require a certain amount of NOx to
work properly. Thus an engine may not be tuned to emit almost no NOx.

Of course, more than one exhaust gas abatement device can be mounted into
the same tailpipe. Abatement devices can also be combined with in-engine
measures and retuning of the engine. A comprehensive preliminary
assessment of various exhaust gas aftertreatment systems, starting with a
EURO 2 engine, is presented by Moser et al. [71]. The conclusion is that in
heavy and medium duty vehicles the goals of EURO 4 and EURO 5 are
achievable with a low-pressure EGR plus DPF system, with a pure SCR
system, or with an SCR plus DPF system. The pure SCR system is given a
slight advantage. Advanced control strategies for the abatement systems with
active components as well as low-sulfur diesel fuel will contribute to further
reducing emissions. A comprehensive review of the current state-of-the-art
diesel emission control is presented by Johnson [44].
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Which system finally will conquer the market is still open. Development and
component costs, system reliability, and acceptance by policy makers and
customers will have their influence on the outcome. 

1.3 Present and Future SCR Applications 

An SCR (Selective Catalytic Reduction) exhaust gas aftertreatment system
which uses a urea solution as a reducing agent has a high NOx reduction
potential and is a well-known technique for stationary applications [8]. Still a
lot of research is ongoing to eventually expand the field of possible stationary
applications [22], [88], [81]. Since they are contributing a major share of
today’s total NOx emissions, all the vehicles powered by diesel engines are
potential targets for further SCR applications.

Mobile applications entail additional problems such as the need to limit
space and weight of the abatement system and to adapt the control system to
the typical driving cycles. While stationary plants are operated at steady-state
or with slowly varying parameters most of the time, a typical driving cycle of
a mobile application contains many stop-and-go phases, cold starts, and part-
load operation phases. Therefore, the knowledge of the dynamics of the
systems must be expanded in order to properly integrate it into the vehicle
control concept.

1.4 Goals of the Project

The research for this thesis is part of a pilot-and-demonstration project
directed by the Exhaust Gas Aftertreatment Group at the Paul Scherrer
Institute PSI, Villigen, Switzerland. Over the years, that team has acquired
great experience in the field of SCR, in measuring exhaust emissions, and in
coating honeycombs [48] - [56]. Two industrial partners joined the project,
Liebherr Machines Bulle SA in Bulle, Switzerland, a diesel engine
manufacturer, as well as Oberland Mangold GmbH of Garmisch-
Partenkirchen, Germany, a supplier to the automotive industry. The
Measurement and Control Laboratory of the Swiss Federal Institute of
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Technology ETHZ was assigned to design the control algorithms of the SCR
system. The project was partially funded by the Swiss Federal Office of
Energy BFE. The final report on the project is available on the web [57].

The goal of the project was the development of a prototype SCR system for a
mobile heavy-duty application. In a first step the design of the exhaust gas
aftertreatment system had to be finalized on the test bench at PSI. The type
and the dimensions of the catalytic converters had to be defined, and the
dynamic behavior of the SCR system was studied. In a second step the system
was rebuilt for a larger engine on a dynamometer at Liebherr. Control
algorithms were designed and the exhaust gas system was examined in test
cycles. In the third step a prototype system was to be mounted on a mobile
crane and field tested. Unfortunately, due to a shortage of time, this third step
could not be realized within this project.

At PSI, complementary investigations were conducted to further expand the
understanding of SCR, see [66] and [17]. The focus was on the preparation of
catalysts with enhanced activity, selectivity, and thermal stability as well as on
investigations into the effects of NO2 on the SCR and the formation of
ammonia nitrate.

1.5 Scope of the Thesis

Starting with a given setup, this thesis focuses on the design of control
algorithms allowing a maximum NOx removal at a limited mean ammonia
slip. The goal is to achieve good performance in stationary as well as in
dynamic driving cycles. The first step is to investigate the dynamics of the
SCR system and to build a mathematical model of the intrinsic thermal and
chemical processes, including the temperature-dependent adsorption of
ammonia. This step is followed by the design of various model-based control
algorithms, including the design of a filter for the signal from an NOx sensor
with cross-sensitivity against ammonia. The filtered signal from this sensor is
used for feedback control. The control algorithms are verified in standard test
cycles and their use in future mobile SCR applications is discussed. While the
issue of particulate matter is of great interest, its in-depth treatment would
exceed the scope of this work.
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CHAPTER 2

INTRODUCTION TO SELECTIVE 
CATALYTIC REDUCTION

In order to reduce the NOx from exhaust gases a reducing catalytic converter
is needed. Experiments with the combination of such catalytic converters and
ammonia, which is the reactive species of the reduction, demonstrate a good
selectivity to NOx and a great potential for exhaust gas cleaning. Due to the
presence of oxygen in diesel exhaust gases the so-called selective catalytic
reduction (SCR) of NOx is possible.

2.1 Process Description

Under normal conditions there are two predominant SCR reactions in an
SCR catalytic converter. The most important SCR of NOx with ammonia
(NH3) is:

. (R2.1)

It converts nitric oxide (NO), but no nitrogen dioxide (NO2). The
consumption of NH3 is one mole per mole of NO. The kinetically favored
SCR reaction is about ten times faster than (R2.1):

 . (R2.2)

It converts as much NO as NO2. Again, the NH3 consumption is one mole
per mole of nitrogen oxide (NOx).

4NH3 4NO O2+ + 4N2 6H2O+→

4NH3 2NO 2NO2+ + 4N2 6H2O+→
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The ratio of NO2/NOx in raw exhaust gases of diesel engines ranges between
0% and about 30%. As a consequence, the NO2 and an equimolar share of the
NO follows the reaction (R2.2), the remaining NO is transformed by the
reaction (R2.1).

The reactions (R2.3) and (R2.4) are much slower than (R2.1) and (R2.2).
Therefore they are kinetically negligible:

 , (R2.3)

 . (R2.4)

Reaction (R2.3) becomes kinetically favored when all NO is consumed
while still some NO2 is left. This happens when an overdesigned pre-
oxidation catalytic converter is placed upstream of the SCR catalytic
converter.

Reaction (R2.4) becomes relevant in the absence of oxygen only. Since this
hardly ever occurs in tailpipes of diesel engines, this reaction cannot
reasonably be expected to ever occur.

The reactions (R2.5) to (R2.7) are the most relevant side reactions. Reaction
(R2.5) occurs at temperatures below 200 oC, where the formation of ammonia
nitrate (NH4NO3) starts:

 . (R2.5)

This side product is stored in the pores of the catalyst and leads to a
reversible inhibition of the SCR. An illustration of the different reaction
velocities of (R2.1), (R2.2), (R2.3), and the formation of NH4NO3 (R2.5) is
depicted in Fig. 2-1.

4NH3 3NO2+ 3.5N2 6H2O+→

4NH3 6NO+ 5N2 6H2O+→

2NH3 2NO2+ NH4NO3 N2 H2O+ +→
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Already at moderate temperatures ammonia becomes inflammable and is
oxidized by the following selective catalytic oxidation:

 . (R2.6)

Nevertheless, little new NOx or nitrous oxide (N2O) is formed.

At high temperatures, common TiO2-WO3-V2O5-based SCR catalytic
converters tend to form nitrous oxide (N2O):

 . (R2.7)

Figure 2-1: Comparison of the kinetic parameters kM of the “standard SCR“ 
reaction (R2.1), “fast SCR“ (R2.2), “NO2 SCR“ (R2.3), and the 
“NH4NO3 route” (R2.5), adopted from [66].
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2.2 Reducing Agents

The use of various reducing agents has been discussed in detail for SCR
applications [50]. A summary follows:

• Gaseous ammonia is directly available for SCR, but due to its toxicity it 
is difficult to handle safely.

• An aqueous solution with 10 to 35% ammonia, which is corrosive and 
tends to crystallize.

• Solid urea, used in agriculture as a fertilizer, in the form of pellets that 
are milled or molten and then injected into the tailpipe. Here, the 
difficulty lies in the proper dosage.

• An aqueous solution with 32.5% urea. This eutectic solution has a 
freezing point of -11oC.

• Solid ammonia carbamate (NH4CO2NH2), heated to 80 oC in a 
pressurized container, where the ammonia carbamate sublimates and 
decomposes into ammonia (NH3) and carbon dioxide (CO2).

Using any of the reducing agents listed above, the finally reactive species is
ammonia. Gaseous ammonia is thus the most effective reducing agent, since
no conditioning is needed after its injection into the tailpipe.

If an aqueous solution is used as a reducing agent, the first step of the
conditioning is the evaporation of the water, which leads to a slight decrease
in the exhaust gas temperature.

If the reducing agent contains urea, the urea molecules have to be
decomposed thermally first in the tailpipe into isocyanic acid (HNCO) and
NH3, 

 . (R2.8)NH2( )2CO molten( ) NH3 gaseous( ) HNCO gaseous( )+→
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Isocyanic acid is very stable in the gas phase, but hydrolyzes easily on solid
oxides with water vapor. A second NH3 molecule is formed, available for
SCR, and carbon dioxide,

 . (R2.9)

Hydrolysis (R2.9) is an exothermal reaction. While at 200 oC the reaction
rate of (R2.9) is about two orders of magnitude faster than the one of (R2.1),
at temperatures above 400 oC they have a comparable reaction rate. The
thermal decomposition of isocyanic acid (R2.8) is endothermal and kinetically
favored over hydrolysis (R2.9). 

2.3 SCR Catalytic Converter Systems

A simple SCR catalytic converter system just consists of an injection device
for the reducing agent and an SCR catalytic converter. The most complicated
ones such as the one described in [42] consist of a total of four different
catalytic converters as depicted in Figure 2-2. The exhaust gas flows through a
pre-oxidation, a hydrolysis, an SCR, and a clean-up catalytic converter. The
reducing agent is injected downstream of the pre-oxidation converter.  

2.3.1 Pre-Oxidation Catalytic Converter

In order to shift the composition of NOx towards a higher NO2/NOx ratio, an
efficient oxidation catalytic converter (Pt-based) is placed upstream of the
SCR catalytic converter. However, the ratio of NO2 to NOx should not exceed

HNCO H2O+ NH3 CO2+→

Figure 2-2: Scheme of a catalytic converter system containing four different 
types of catalytic converters.
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50%, because for excess NO2 the slow reaction (R2.3) would predominate.
Observations on our test bench proved that the 50% limit is never reached. At
low temperature levels, the NO2/NOx ratio even decreases when the exhaust
gases are passing the oxidation catalytic converter. This is probably caused by
soot and hydrocarbon burning with the reactive NO2. At the same time an
increase in carbon monoxide (CO) is measured. This incomplete oxidation is a
typical phenomenon with oxidation catalytic converters in lean exhaust gas.
The burning of soot and hydrocarbon at low temperatures is advantageous,
since this reduces species that otherwise would poison the SCR catalytic
converter.

A drawback of the pre-oxidation catalytic converter is the oxidation of
sulfur, which is brought into the exhaust gas when sulfur-containing diesel
fuel is used. Sulfur oxide binds water molecules and is trapped in particle
filters. This is how sulfur oxide, although it is not a particle, leads to a
significant increase in the measured particle mass. As a side effect of the
sulfur oxidation a small increase in the NH3 adsorption capacity of SCR
catalytic converters is observed.

2.3.2 Reductant Delivery System

A reductant delivery system contains a reservoir for the reducing agent, a
metering device, a nozzle, and the control unit. Two air-assisted delivery
systems for urea solution have been described, [67] and [102]. A dosing
system for urea pellets is described in [41]. The development of a compact
delivery system consuming solid ammonia carbamate is reported in [60].

2.3.3 Hydrolysis Catalytic Converter

A hydrolysis catalytic converter may be placed a short distance downstream
of the injection nozzle of the reducing agent in order to promote the
hydrolysis. This converter suffers from corrosion by droplets of aqueous
solution that hit its front section. The hydrolysis catalytic converter is a non-
mandatory part because the hydrolysis runs reasonably well on any oxidizing
surface, such as an SCR catalyst.
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2.3.4 SCR Catalytic Converter

Three different types of SCR catalytic converters are used: Extruded
monolithic converters, coated cordierite honeycombs, and metallic
honeycombs. In many applications V2O5-WO3/TiO2 is used as SCR catalyst.
The main component of the catalyst is TiO2. It acts as a support material and
can be replaced by ZrO2, Al2O3 or SiO2. However, the best results are
achieved with TiO2 [76]. The V2O5 is used as Bronsted-acid centers when
acting as binding centers for ammonia. This is a crucial intermediate step for
the SCR. The use of WO3 proved not to affect the possible rate of NOx
removal, but to enhance the capability of ammonia adsorption [54].
Sometimes small amounts of other metallic oxides are added to the catalyst as
well.

Modelling the SCR following (R2.1), Willi [100] and Roduit [82] propagate
the coexistence of a Langmuir-Hinshelwood (LH) with an Eley-Rideal (ER)
reaction mechanism. While the LH mechanism is relevant for temperatures
below 200 oC, the ER mechanism dominates in the temperature range above
200 oC. The exhaust gases of heavy-duty diesel engines are hot enough to
heat a tailpipe to temperatures in the range of 200 to 500 oC, where the SCR
is governed by the ER mechanism and reactions are consuming adsorbed
ammonia and gaseous NOx. As a consequence, the reactions are running on
the surface of the catalyst.

In order to avoid abrasion by water droplets and to allow a good mixing of
the reducing agent with the exhaust gas as well as the evaporation of the
aqueous solution, the SCR catalytic converter has to be placed at a good
distance downstream of the injection nozzle. 

2.3.5 Clean-up Catalytic Converter

The clean-up or NOx slip catalytic converter usually is a strong oxidizing
catalytic converter designed to oxidize slipping ammonia. Possible reaction
products are nitrogen, NOx, and nitrous oxide.
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2.4 Converter Mapping and Basic Experiments

A good SCR catalytic converter system allows high NOx removal rates over
a wide range of engine operating modes with only small amounts of secondary
emissions. Secondary emissions chiefly consist of NH3.

The mapping of catalytic converters is time-consuming work due to slow
thermal and chemical transients. A series of steady-state measurements taken
at the same engine operation point but at different feed ratios  are shown in
Fig. 2-3 1. The feed ratio is defined as follows:

 . (2.1)

The following observations hold:

• The possible SCR is limited by the feed levels of NOx and NH3. At feed 
ratios  the NOx concentration downstream of the catalytic 
converter is decreasing linearly with an increasing feed of reducing 
agent, while the concentration of the reaction-limiting NH3 is 
negligible. Above  the NH3 slip rises linearly with increasing 
feed of reducing agent, while NOx is measurable at a low concentration 
only.

• Apparently, a constant fraction of NH3 is oxidized rather than converted 
by an SCR reaction. This is deducted from mass balance calculations, 
assuming that all urea is completely decomposed and that all SCR 
reactions consume one mole NH3 per mole NOx.

. (2.2)

1. Measurements are marked with circles.
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The preferred way of illustrating the performance of a catalytic converter is
to use slip-DeNOx curves as presented in Fig. 2-4 for four engine operation
points. The NOx removal rate  is defined as:

 . (2.3)

At intermediate power and temperature levels ammonia slip is low until less
than 5% of the NOx concentration upstream of the SCR catalytic converter is
left downstream of the converter. A further small increase in the amount of
reducing agent injected leads to a steep increase in ammonia slip. As setpoint
value for further investigations, an ammonia concentration downstream of the
catalytic converter of 10 ppm is chosen for two reasons. First, the gain in
additional NOx removal is small with respect to the additional NH3 slip and,
second, an NH3 concentration of 10 ppm is not yet detectable by the human
nose.

While mapping the converter system, at arbitrarily chosen engine operation
points the feed ratio leading to this setpoint level of 10 ppm ammonia slip is
sought. The feed ratio for optimal dosage (OD)  is thus defined as:

 . (2.4)

The related NOx removal rate at optimal dosage  is defined as:

 . (2.5)

DeNOx

DeNOx
nNOx in,

*
nNOx out,

*
–

nNOx in,
*

--------------------------------------------=

αOD

αOD

nNH3 in,
*

nNOx in,
*

------------------
10ppm NH3 slip

=

DeNOxOD

DeNOxOD
nNOx in,

*
nNOx out,

*
–

nNOx in,
*

--------------------------------------------
10ppm NH3 slip

=



2.4 Converter Mapping and Basic Experiments 21

The basis for mapping a catalytic converter consist of 

1. the mean temperature of the catalytic converter , assumed to 
correspond to the mean of the exhaust gas temperatures up- and 
downstream of the SCR converter, 

 , and (2.6)

2. the gas hourly space velocity , defined as the quotient of the 
volumetric flow measured at normal temperature and pressure 1 
(NTP) per hour, and per volume of the catalytic converter,

 . (2.7)

The space velocity is a measure for indicating the “burden” of the catalytic
converter. An alternative measure would be the reciprocal of the space
velocity, called mean residence time or space-time. 

A sample of the maps of the feed ratio for optimal dosage and of the related
NOx removal rate is given in Figure 3-7 in Chapter 3.

In order to enable a comparison of different exhaust gas aftertreatment
systems, the converter to swept volume ratio  is defined as the ratio of
catalytic converter volume and total displacement volume of the engine,

 . (2.8)

1. The NTP are defined to be  = 101325 Pa and  = 273.15 K.
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2.5 Current Focus of Research

With respect to the build-up of NH4NO3, poisoning and urea decomposition
at the lower end, and the oxidation of ammonia at the upper end, there is a
temperature range with favorable conditions for the SCR. Applications that
operate their engines at high or even full load will reach this temperature
range. The field of possible automotive application is thus presently limited to
heavy-duty applications. Attempts to expand the field to medium-duty
applications and even passenger cars have been reported, for instance in [41].
However, such vehicles with rather oversized engines will have trouble in
sufficiently heating up their catalytic converter systems. Plasma generators or
pre-oxidation catalytic converters placed upstream of the SCR catalytic
converter could raise the chances of success of such applications. Their
purpose is to increase the NO2/NOx ratio and to subsequently enhance the
NOx removal by profiting from the kinetically favored SCR reaction (R2.2).

A review of today’s literature on heavy-duty applications shows that many
companies have published their own feasibility studies. Urea solution is the
favored reducing agent. 

• Simple SCR converter systems with a single catalytic converter are 
tested on a dynamometer [21] as well as in on-road demonstrations [95]. 
Even a retrofit system is presented [26]. The converter to swept volume 
ratio  of these systems is in the range of 2.7 to 3.5, and the NOx 
removal rates achieved in FTP and ETC at a mean ammonia slip of 
about 10 ppm are reported to be as high as 75% and 85%, respectively. 

• Gieshoff et al. [32] report laboratory and dynamometer tests with an 
SCR system containing a pre-oxidation, an SCR, and an NH3 oxidation 
catalytic converter. With a total volume of 2.5, in ESC an NOx removal 
rate of 70% is achieved. 

• An exhaust gas cleaning system consisting of an SCR catalytic 
converter with an SVR of 3.9 that is assisted optionally by a DPF placed 
upstream of the SCR converter is presented by Scarnegie et al. [84]. 
Their emphasis is on the demonstration that SCR technology with 
modifications in the injection timing is capable of meeting future 
emission levels without EGR.

SVR



2.5 Current Focus of Research 23

• An integrated system is presented by Walker et al. [97]. A pre-oxidation 
catalytic converter and a continuously regenerating DPF are placed 
inside an annular SCR system consisting of an SCR and an NH3 slip 
converter. The entire system is packed into a compact muffler. The 
overall converter to swept volume ratio is 6.0. In an ESC, removal rates 
of 92% and 70% were measured for NOx and PM, respectively. 

The discussion of SCR catalytic converter systems for use in mobile
applications would not be complete without a list of some limiting factors and
as yet unsolved problems.

• A key property of any injection system is its reliability. For a long time, 
the sticky urea solution caused trouble. Two systems for urea solution 
dosing have been reported, [67] and [102].

• While 20 liters of diesel are burnt, about one liter of urea solution is 
consumed by SCR. Thoughts about how to ease a driver’s work and the 
design of a nozzle for simultaneous filling of diesel fuel and urea 
solution are reported in [65].

• Urea solution has a freezing point of -11 oC. This is not low enough for 
application in a cold environment. This problem can be solved by 
adding a tank heater, or by lowering the freezing point of urea solution 
with additives. Lambert et al. investigated the effect of organic freezing 
point depressants on SCR [62].

• The capability of SCR catalytic converters to reduce PM is mentioned 
in a number of publications. Rusch et al. [83] undertook a specific 
investigation and report a particulate mass reduction of 70%. This is 
achieved due to a decrease in gaseous hydrocarbons plus the organic 
fraction of PM of 80% and a reduction of elementary carbon of 25%. 
Further, those authors report that fuel sulfur does not increase the PM in 
the harmful region of around 100 nm.
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• Ammonia is the main secondary emission in an SCR process. Until the 
opposite is proven, one has to assume that many other products might 
also contribute to the secondary emission. Some of them could 
toxicologically be relevant. Koebel et al. [49] and Ball [2] studied the 
products of the thermal decomposition of urea. No information was 
found on possible reactions of these products with volatile organic 
compounds.

• SCR catalytic converters can be irreversibly poisoned by metal ions 
from fuel additives and lubricants. Components like hydrocarbons, 
NH4NO3, and sulfur oxides lead to a reversible poisoning only. 
Temperatures above 450 oC are needed in order for the catalytic 
converter to regain the initial activity.

• Moser et al. [71] undertook a comprehensive assessment of different 
exhaust gas aftertreatment systems on an engine formerly tuned to meet 
EURO II emissions levels. High-pressure as well as low-pressure EGR, 
both with a particulate trap, a pure SCR solution, an SCR-plus-
particulate-trap system, as well as a system comprising EGR plus trap 
plus two-stage turbocharging are considered. The result of all this 
technology was a rate worse than that of the baseline EURO II engine, 
mainly due to the development costs. The one emerging with the best 
overall rating is SCR. It is attested advantages in a number of criteria, 
such as specific performance, fuel consumption, and altitude operation. 
The main drawback remaining is the need for an additional operating 
medium and its infrastructure requirement.
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CHAPTER 3

EXPERIMENTAL SETUPS

3.1 "HarDi" – Dynamometer with Fixed Engine Speed

The dynamometer “HarDi” 1 is used primarly to test SCR catalytic
converters with real exhaust gas in order to allow comparisons with studies
carried out in the laboratory with model gases. Data collected on this
dynamometer allowed to design and successfully parametrize a first
mathematical model of an SCR catalytic converter system. 

The diesel engine used on this test bench is a Liebherr D 924 TI-E engine. It
has four cylinders, arranged in-line, with a total displacement volume of 6.64
liters. The engine is turbocharged and intercooled. The maximum power is

1. The name of the dynamometer is derived from the German abbreviation 
for urea, namely Harnstoff, and diesel.

Figure 3-1: Experimental setup “HarDi” at Paul Scherrer Institute, Villigen.
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limited to 110 kW. An asynchronous generator was used as a brake. The
engine speed was fixed at 1500 rpm. Figure 3-1 shows a sketch of the
experimental setup.

The exhaust gas aftertreatment system consists of a commercial oxidation
catalytic converter, the injection system for urea solution, and a cordierite-
supported TiO2-WO3-V2O5-based SCR catalytic converter. The design of the
injection device as well as the design of the converter systems and the coating
of the metallic honeycomb were realized at the Paul Scherrer Institute,
Switzerland. The converter to swept volume ratios for both converters in this
system are 0.28 and 1.5, respectively. The gas hourly space velocity with
respect to the SCR catalytic converter volume is in the range of 28,000 to
47,000 h-1. The complete set of parameters for both catalytic converters is
listed in Table 3-1.

Table 3-1: Catalytic Converter System K69

The signals measured include the engine power level, the pressure and the
temperature in the inlet receiver of the engine, and various temperatures in the
tailpipe. A scale is used to weigh the urea solution injected. Rather than
measuring the behavior of either catalytic converter separately, the
performance of the entire catalytic converter system was investigated. The
concentrations of NOx and NO were measured before and after the catalytic

Pre-oxidation Catalytic 
Converter

SCR Catalytic Converter

type of converters
supporting material
catalyst

coated honeycomb
metal
~1.5% Pt

coated honeycomb
cordierite
TiO2/WO3/~3%V2O5

cell density
channel opening
rack/catalyst layer

400 cpsi

- / 0.03 ... 0.05 mm

300 cpsi
1.44 mm2, square
0.17 mm / 0.05 mm

converter dimensions
converter arrangement
total converter volume
catalyst mass
inner surface

143 mm * 120 mm
1
1.9 liter
(unknown)
(unknown)

241 mm * (151+75) mm
2, serial
9.85 liter
1.4 kg
23 m2

∅ ∅
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converter system, with a slow Tecan 502 analyzer and a fast Cambustion
fNOx400 analyzer [3], respectively. The concentration of NH3 after the
catalytic converter system was read with a device built at the Paul Scherrer
Institute, see Appendix A. Since the Cambustion analyzer is measuring the
NO concentration, for the dynamic tests the NO and NOx measurement data
were transformed into a hybrid signal which combines the fast dynamic of the
Cambustion device with the static gain of the Tecan analyzer.

A computerized control facility is used to log measured signals and to
control the dosage of urea solution. Engine power, however, had to be
controlled manually.

Figure 3-2 shows the characteristics for optimal dosage (OD) of urea
solution at steady-state conditions determined as a function of engine power.
The resulting feed and NOx removal ratios at OD are depicted in Figure 3-3.

• The raw emission of NOx is almost linearly related to engine power.

• At very low engine power, the feed ratio for optimal dosage  is 
smaller than 1.0 due to poor catalytic activity and slow chemical 
reactions at low temperatures, and because most of the NOx has to 
follow the reaction path of the “standard SCR reaction”. The feed ratio 
for optimal dosage increases with engine power due to a higher mean 
converter temperature and a good SCR activity. This leads to a high 
NOx reduction. The feed ratio reaches its maximum of 1.15 at about 75 
kW. With the engine power rising further,  decreases and even falls 
below 1.0 again, because the big volumetric flow results in a small 
residence time. Thus the size of the catalytic converter becomes a 
limiting factor for the NOx abatement.

• The NOx removal rate for optimal dosage  amounting to 
>90% for power levels of 30 to 80 kW indicates that the SCR process is 
very efficient. For Pel = 20 kW it is 80%, while for Pel = 110 kW it still 
amounts to 70%.

• An amount of NH3 as high as 23% with respect to the feed ratio neither 
takes part in the SCR nor does it contribute to the NH3 slip. It is 
assumed to be oxidized. The highest values are reached at the maximum 
power level. For a more detailed discussion see Section 3.3.

αOD

αOD

DeNOxOD
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Figure 3-2: Molar flows up- and downstream of the catalytic converter 
system at optimal dosage, dynamometer “HarDi“.
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3.2 "Beule" – Pre-Prototype

The dynamometer “Beule“ 1 is used to test the design of catalytic converter
systems in the whole range of possible engine operation modes and to develop
the control algorithms for achieving good NOx removal results both in steady-
state and in transient test cycles. The test bench consists of a Liebherr D 926
TI-E A4 engine, a hydraulic brake, and the exhaust gas aftertreatment system,
as shown in Figure 3-4. 

The engine has six cylinders, arranged in-line, with a total displacement
volume of 9.96 liters. It is turbocharged and incorporates an intercooler. The
maximum power is 275 kW and the maximum engine speed is 2150 rpm. The
engine is controlled by the standard engine control unit (ECU), which is
calibrated to meet the EURO II legislation limits. The fuel is injected by a

1. Since “HarDi” sounds like a dog’s name, this test bench got a dog’s name, 
too. The initial “B“ is chosen since the test bench is located at Bulle. The 
choice then was Buckles [33], called “Beule“ in German and [34].

Figure 3-4: Experimental setup “Beule” at Liebherr Machines Bulle SA.
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pump-pipe-nozzle system. The pumping starts at a fixed angle of 14o before
top dead center (TDC), while the injection delay depends on the engine speed
and varies from 6 to 9.5o.

A hydraulic pump is used as a brake, as in many applications in construction
machinery. Therefore the torque at any engine operation point cannot be
below a minimum value of about 150 Nm.

The exhaust gas aftertreatment system mounted on the tailpipe of the engine
consists of the injection device for urea solution and one single SCR-type
catalytic converter. Two different types of SCR catalytic converters were
investigated on this test bench, namely a commercially available, extruded
monolithic converter with a cell density of 300 cpsi and a coated metallic
honeycomb with a cell density of 400 cpsi. Their specifications are listed in
Table 3-2. Both catalytic converter systems have a converter to swept volume
ratio of 2.0, and their space velocities are in the range of 9,500 to 60,000 h-1.
Both systems fit into the silencer of the commercial engine. The design of the
injection device as well as the design of the converter systems and the coating
of the metallic honeycomb were realized at the Paul Scherrer Institute,
Switzerland. 

Table 3-2: Converter Systems Tested on “Beule“.

Catalytic Converter 
System D45

Catalytic Converter 
System M90

type of converter
supporting material
catalyst

extruded monolith
-
TiO2/WO3/~3%V2O5

coated honeycomb
metal
TiO2/WO3/~2.5%V2O5

cell density
channel opening
rack/catalyst layer

300 cpsi
1.12 mm2, square
0.33 mm

400 cpsi
0.90 mm2, triangle
0.05 mm / 0.035 mm

converter dimensions
converter arrangement
total converter volume
catalyst mass
inner surface

146 mm * 150 mm
8 in parallel
19.6 liter
~15 kg
43 m2

325 mm * 120 mm
2 in series
19.9 liter
2.8 kg
80 m2

∅ ∅
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Figure 3-5 shows the connection scheme of the electronic devices on the
dynamometer. A dSPACE real-time system handles the control of the
aftertreatment system and the data logging. All the data of the ECU, several
temperature and pressure measurements, the inlet air mass flow, as well as the
signal of a humidity sensor mounted downstream of the air filter are logged.
Further recorded signals to determine the corresponding mass flow rates of the
urea solution, NOx, and NH3 are:

• A scale tracks the accumulated mass of urea solution injected.

• A slow Tecan CLD 502 analyzer measures the concentrations of NOx 
up- and downstream of the catalytic converter system.

• At the same sensor locations, the NOx concentrations are measured with 
the fast Cambustion fNOx400 analyzer. The sample head placed 
upstream of the SCR catalytic converter is equipped with an NCC400, a 
thermal NO2-to-NO converter [16] for the measurement of the NOx 
concentration. The sample head downstream of the catalytic converter 
is not equipped with the converter in order to avoid cross-sensitivity to 
ammonia. However, since the NO2 concentration downstream of an 
SCR catalytic converter is negligible, an NO measurement yields a 
good approximation of the actual NOx concentration.

• The concentration of NH3 is measured downstream of the catalytic 
converter system with a slow analyzer built at PSI. Its specifications are 
listed in Appendix A.

• Additionally, a Siemens-NGK “Smart NOx-Sensor” is mounted 
downstream of the SCR catalytic converter. Its performance is 
discussed in Section 5.3 below.
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The engine and catalytic converter systems are mapped at steady-state
operating conditions. The NOx concentration downstream of the engine is
depicted in Figure 3-6. The NOx removal ratio  and the feed ratio

, both at optimal dosage as defined in Chapter 2.4, are shown in
Figures 3-7 and 3-8 for the D45 and the M90 converter systems, respectively.
In all these figures the circumscribing bold line indicates the boundary of the
range of steady-state operation. 1 Outside of this range the maps are
extrapolated. While the engine NOx concentration map is shown with respect
to the parameters engine velocity and torque, the other maps are indicated as
functions of mean converter temperature and space velocity. The bold dashed
lines connect operating points with the same engine velocity.

1. The difference in space velocity between the D45 and the M90 system is 
not caused by any changes in the engine or the converter system, but results 
from the mapping during a cold and a warm season, respectively.

Figure 3-5: Connection scheme of the electronic devices on “Beule”.
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With both catalytic converter systems, a good NOx removal with peak values
of up to 98% is possible in a wide range of engine operation modes. In the
range of a hot catalytic converter and a small space velocity, where due to
high temperatures ammonia starts to be oxidized selectively, the feed ratio

 achieves values of up to 1.5, while the NOx removal rate 
deteriorates. In the low temperature range the D45 system is more efficient
than the M90 system. This is due to the thicker layers of catalyst, which are
able to contribute to the NOx removal. In order to achieve steady-state with
these special conditions, however, a transient period of up to 30 minutes has to
be accepted.
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Figure 3-6: Steady-state NOx concentration in ppm downstream of the 
engine.
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On the D45 system the open converter front section is 700 cm2, while the
channel length is 24 cm. The resulting pressure drop over the catalytic
converters ranges from 5 to 45 mbar. On the M90 system, the open converter
front section amounts to 465 cm2, the channel length is 15 cm, and the
resulting pressure drop is 10 to 70 mbar. Generally, the temperature drop in
the D45 system is twice that of the M90 system. At the same time, the exhaust
gas temperature downstream of the converter system is about 20 oC lower in
the D45 system. The reasons for these differences are mainly the packaging
and the resulting flow pattern.

Figure 3-9 shows the steady-state nitrous oxide emission 1 at optimal dosage.
They are in the same range for both the D45 and the M90 system. Starting at a
converter temperature of 450 oC, the generation of N2O increases
exponentially with temperature. The influence of space velocity is only
secondary. Since both catalytic converter systems are rarely heated beyond
450 oC during dynamic cycles, the N2O formation with both systems is
considered to be negligibly small.

 

1. Samples are taken at engine steady-state operation and are later analyzed 
by gas chromatography. An electron capture detector (ECD) is used.
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Figure 3-9: Nitrous oxide emissions of both catalytic converter systems.
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3.3 Comparison of the Catalytic Converter Systems

In Figure 3-10 the key figures NOx removal rate and feed ratio at optimal
dosage of the three catalytic converter systems used on the dynamometers
“Hardi” and “Beule” are contrasted. For the K69 converter system the engine
speed is fixed at 1500 rpm, while for the M90 and the D45 system the figures
at 1590 rpm are used for this comparison. 

The best NOx removal rates are achieved with the D45 system. The K69
system, whose total converter to swept volume ratio is 15% smaller, achieves
lower rates at any operation point. The difference in the NOx removal rates
increases at high converter temperatures, which are connected with an
increased space velocity. Compared to the D45 system, the M90 system has
the same converter to swept volume ratio but is less effective at temperatures
below 320 oC. This is due to thicker catalyst layers in the D45 converter. At
temperatures above 520 oC the M90 is performing better. This is due to a
better selectivity of the metallic honeycomb in this temperature range.
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Figure 3-10: Characteristic curves for optimal dosage, comparison of the 
three converter systems investigated.
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The D45 system starts to oxidize ammonia at temperatures above 400 oC.
Above 520 oC this reaction even becomes kinetically favored. The threshold
temperature for the ammonia oxidation with the M90 system is 480 oC. The
loss of reducing agent at the peak converter temperature of 545 oC is about
15% only.

A similar behavior is observed on the coated cordierite-supported catalytic
converter in experiments with model gases in the laboratory. However,
dynamometer tests conducted with the K69 system independently of the
converter temperature showed an almost constant amount of ammonia that
contributes neither to the SCR nor to the ammonia slip. The resulting
difference between  and  is in the range of 12% to 25%.
Unfortunately, it was not possible to determine which reactions are consuming
this amount of ammonia and what additional products may be leaving the
converter system. The assumption of an ammonia oxidation occurring over
the entire temperature range as mentioned in Section 3.1 is just one possible
explanation of this phenomenon.

αOD DeNOxOD



3.3 Comparison of the Catalytic Converter Systems 39

CHAPTER 4

MATHEMATICAL MODELS

Power plants run at steady-state for long periods. Any transients caused by
operational parameters tend to be slow. Thus, little effort is required to
achieve a good NOx removal. Usually, the power is measured and used for
feedforward control, while the NOx concentration measured downstream of
the catalytic converter system may be used for feedback control and to
compensate for slowly varying parameters [6].

The control algorithm used on the test bench “HarDi“ stems from such a
power plant application, see Eq. (4.1). In this case the electrical power  as
well as the temperature downstream of the converter system  are measured
and used for feedforward control. The SCR process is feedback-controlled by
the operator, who changes the value of the factor  as required.

 . (4.1)

The calibration of this control algorithm requires steady-state measurements
of , , , and . This set of data is used to generate the
characteristic curves , , and , as implemented
in the feedforward controller.

During cycles with only slow transients or none at all, this control strategy
compensates for small thermal gradients and works well. Fast transients in the
operation point of the engine in combination with this strategy, however, may
lead to suboptimal NOx removal and NH3 slip. Figure 4-1 shows an example
of such a test. It is called the warm-up test and consists of a torque step from
low to high load at constant engine velocity.
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The purely static control algorithm defined by Eq. (4.1) determines the
amount of urea solution to be injected without taking into account the intrinsic
dynamics of the catalytic converter system, which include the storage of
thermal energy as well as the storage of adsorbed ammonia. The NOx
emission of the engine shows transient behavior as well. The control
algorithm therefore fails to meet the dual goal of achieving a maximum NOx
removal while keeping the mean NH3 slip close to the setpoint value of 10
ppm.

4.1 Detailed Model of the Catalytic Converter System

The plant to be modelled is the catalytic converter system K69 described in
Section 3.1. It consists of an oxidation catalytic converter, a device to inject
urea solution, and the SCR catalytic converter, as shown in Figure 3-1.
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Figure 4-1: Emissions during a step in torque with a control strategy that 
derives from a power plant, as measured on “HarDi“.
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The basic assumptions for the model are:

• One-dimensional model, the parameters vary in the flow direction.

• Homogeneous, incompressible flow of ideal gas.

Applying mass and energy balance laws, a system of coupled partial
differential equations (PDEs) results for both the oxidation catalytic converter
and the SCR catalytic converter. For easier computer implementation and later
use in model-based control systems or estimators, the PDEs are then
approximated by ordinary differential equations (ODEs) through partitioning
of the converter into a number of idealized cells along its flow axis. All
variables are assumed to be homogenous in each cell.

Finally, the catalytic converter system is modelled with n+1 cells, as shown
in Figure 4-2 1. The first is called the oxidation cell. It describes the system
between the measurement points 4 and 5. It is followed by n identical SCR
cells, which together model the plant between the measurement points 5 and
6. 

1. The temperature of the ambient air for this model of the K69 catalytic 

converter system is not measured. It is defined to be  = 15 oC.Tamb

Figure 4-2: Sketch of the catalytic converter system and the structure of its 
mathematical model.
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4.1.1 Oxidation Cell

The PDEs of the oxidation catalytic converter read as follows. The
temperature of the exhaust gas is described by

 , (4.2)

with  referring to the total front section of the converter,  to the
front section blocked by the converter, and  to the inner converter surface
per gaseous volume. The last term defines the heat transfer from the exhaust
gas to the oxidation catalytic converter (OC).

The oxidation catalytic converter (OC) is conductive, and heat is transferred
from the exhaust gas to the converter, and from the converter to the pipe wall
(OCW) around the oxidation catalytic converter,

 . (4.3)

The converter wall temperature is governed by conduction, heat transfer
from the converter, and radiation of energy to the ambient,

 . (4.4)

It is assumed that the molar flow of NOx is not affected in the oxidation
catalytic converter.

The entire oxidation catalytic converter is approximated by one cell only. It
is called the oxidation cell. The conduction is no longer relevant, and it is
assumed that the oxidation catalytic converter acts as a perfect heat exchanger.
This results in the exhaust gas leaving the converter at the temperature of the
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converter. Since the energy stored in the exhaust gas is much smaller than the
energy stored in the oxidation converter the first PDE is canceled. The
oxidation cell is thus described by two ODEs only.

In addition, the oxidation cell contains the injection of urea solution
(US,inj). It is assumed 

• that the mixing of the injected urea solution and the exhaust gas is 
instantaneous and perfect,

• that the heating of injected urea solution to the temperature of the 
exhaust gas has to be taken into consideration, but 

• that no urea decomposition takes place.

Based on the definitions

 ,  ,  , 

, 

 ,  , and  ; (4.5)

the input, state, and output vectors

 , (4.6)
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Figure 4-3: Sketch and signal flow chart of the oxidation cell.
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the ODEs for the oxidation cell read as follows:

 . (4.7)

Figure 4-3 shows a sketch and a signal flow chart of the oxidation cell. The
output signal  is the molar flow of ammonia, which is zero at location 5,
upstream of the first SCR cell. 

4.1.2 SCR Cell

The model for the SCR catalytic converter includes the three components
molten urea, gaseous and adsorbed NH3, and gaseous NOx. A total of five
reactions are included in the model. They describe the urea decomposition
(UD), 

 , (R4.1)

 , (4.8)

the adsorption (Ads) and desorption (Des) of ammonia on the catalyst, 

 , (R4.2)

 ,  , (4.9)

TOC
·

a1mEG 4,
*

T4 TOC–( ) a2TOC a3+( )mUS inj,
*

– a4 TOC TOCW–( )–=
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RT
---------------------- 
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2ΠMNH3

----------------------cNH3
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RT
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the selective catalytic reduction (SCR), governed by an Eley-Rideal
mechanism, consuming adsorbed ammonia and gaseous NOx, 

 , (R4.3)

 , (4.10)

and the oxidation of adsorbed ammonia (Ox),

 , (R4.4)

 . (4.11)

All the reaction rates are given in mol per second and per gaseous volume. It
is assumed

• that variations in the water concentration do not alter either the urea 
decomposition or the inhibiting effect on SCR, 

• that the oxygen concentration is in a range where variations do not 
change the reaction rates, and

• that the influence of washcoat diffusion is negligible.

The PDEs for the SCR catalytic converter describe the mass storage of
molten urea,

 , (4.12)
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of gaseous NOx,

 , (4.13)

of gaseous ammonia,

 , (4.14)

and of ammonia that is adsorbed on the catalyst,

 , (4.15)

as well as the storage of thermal energy in the exhaust gas,

 , (4.16)

and in the SCR catalytic converter,

 . (4.17)

As in the oxidation catalytic converter, heat is transferred from the exhaust
gas to the conductive converter. No converter pipe is modelled here. However,
the converter itself is radiating energy to the ambient. The reaction enthalpies
are assumed to affect the exhaust gas temperature. 
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The entire SCR catalytic converter is approximated by a series of SCR cells.
The heat conduction is assumed no longer to be relevant. Each SCR cell is
assumed to act as a perfect heat exchanger. This results in the exhaust gas
leaving an SCR cell at the temperature of the converter.

Defining

 ,  ,  ,  , 

 ,  , (4.18)

Figure 4-4: Detailed sketch of the SCR cell.
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 ,  ,  , 

 ,  ,  ,  ,                     (4.19)

and the input, state, and output vectors to be

 , (4.20)

yields the following set of ODEs for each cell:

. (4.21)

A sketch of the SCR cell is depicted in Figure 4-4, whereas Figure 4-5 shows
the signal flow chart.
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Figure 4-5: Detailed signal flow chart of the SCR cell.
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4.1.3 Model of the Entire Catalytic Converter System

As stated in the beginning of Section 4.1, the model of the complete catalytic
converter system is designed with one oxidation cell and n identical SCR
cells. The oxidation cell is given the index 0. The input vectors of cells 1 to n
are the output vectors of the preceding cells:

 ,  . (4.22)

The order of the complete model is 2+5n.

4.1.4 Parametrization

A number of parameters used in the oxidation cell and in the SCR cells are
known a priori. However, a total of 17 parameters can only be estimated. They
include the static gains, , two products , all activation
energies  and pre-exponential factors , the sticking probability , the
reaction energy of the SCR , and four time constants, namely  and
three instances of . These parameters are subject to an optimization
procedure.

In order to keep the computational efforts manageable, the number of SCR
cells has to be kept as small as possible. On the other hand, a precise model
requires a certain minimum of cells. Once n = 3 was found to be a good
compromise, the model was parametrized using a series of three SCR cells.

The parameters are optimized using both a series of static and a choice of
dynamic measurements. The overall optimization criterion is:

. (4.23)

For the optimization with the static measurements, the simulation is run with
the series of SCR cells only. A total of 20 measurements at stationary
conditions is taken: Power levels of 25, 50, 75, and 100 kW are considered
and the following values of  are selected: 0.5, 0.75, 1, 1.25, and 1.5.
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Measurements at  are given the highest weight , while the lowest is
given to  =  0.5 and 1.5. Differences in temperature and molar flow of
urea, NOx, and NH3, all downstream of the SCR catalyst, contribute to the
optimization criterion , 

 . (4.24)

During measurements on the test bench a complete urea decomposition was
observed. In order to ensure that the model would work the same way the
weighting factors were chosen .

The dynamic measurements chosen for parameter optimization have to
ensure that the model has the correct time constants. Simulations are run with
the entire model of the plant. The differences in the temperatures up- and
downstream of the SCR catalytic converter and the differences in NOx and
NH3 downstream of the SCR catalytic converter contribute to the criterion

,

 . (4.25)

Fig. 4-6 shows the static gains at the 20 measured points after the parameter
optimization. The difference in molar flow of NOx at every level of engine
power is largest at a point below optimal dosage and smallest at a point above
optimal dosage. The reason for this is probably the modelling of one SCR
reaction only. The worst relative error with respect to the corresponding raw
emission level of NOx amounts to 20%. However, the relative errors of 17 out
of the total of 20 points are smaller than 10%. The measured ammonia slip
shows a sharp rise at . The chosen model structure seems to be unable
to match this, provoking the typical shape in the difference in ammonia slip.
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Fig. 4-7 shows the warm-up test described at the beginning of this chapter. It
is one of the experiments used to parametrize the dynamic model. The thermal
part of the model is quite representative of the real conditions. The chemical
part shows discrepancies in static gains. The time constants are correct,
however, since both the peaks and the slow transients in NOx and NH3 are
represented correctly.

4.1.5 Model Verification

The model of the catalytic converter system described above is now
investigated in various ways in order to verify the model’s capacity to describe
the SCR relevant behavior. First the devolution of the SCR along the catalytic
converter for 75 kW of engine power and for five different levels of urea
dosage is analyzed, namely 50%, 75%, 100%, 125%, and 150% of OD. The
result is depicted in Fig. 4-8. The indices of the model cells are used as
abscissae. The arrows indicate the direction from low to high dosage of urea
solution. 

• In any case urea is decomposed almost completely in the first SCR cell. 
No urea is escaping from the catalytic converter system.

• The concentration of NH3 is higher for higher dosage levels. It is very 
small for low dosage levels, since NH3 adsorbs immediately. The 
concentration along the catalytic converter is always decaying.

• Starting at the same concentration, the decay in the concentration of 
NOx occurs faster with higher dosage levels. Most of the SCR occurs in 
cell 1. The higher the dosage level, the smaller is the gain in NOx 
reduction when an additional 25% OD of urea solution is injected.

• The maximum coverage of the catalytic surface with ammonia is found 
in SCR cell 1. The shapes of the surface coverage curves are similar to 
the concentration curves of ammonia. 
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• At optimal dosage, the concentration of urea in the oxidation cell is 
about 170 ppm. After decomposition in SCR cell 1, most of the NH3 
adsorbs and is used in the SCR. Neither the concentration of NH3 nor 
that of NOx exceeds 100 ppm. In SCR cells 2 and 3 further NOx and 
ammonia are consumed by SCR. Finally, 40 ppm of NOx and about 10 
ppm of NH3 exit SCR cell 3. Mass balance calculations show that about 
70 ppm of NH3 are oxidized.

Second, the nonlinear physical model is linearized for the investigation of
the individual parts. The time constants of all the first-order elements
contained in the oxidation cell and in the first SCR cell are calculated. Table
4-1 lists their numerical values for optimal dosage conditions and for four
engine power levels. All of the time constants representing the storage in the
gaseous volume of the SCR cell, , , and , show values of a
few milliseconds, whereas the time constants describing thermal storages,

, , and , are in the range of tens of seconds. The time constant
of the storage of adsorbed ammonia, , is found to be in-between.
Every time constant is smallest for the highest engine power level. The one
suffering the greatest change when the engine power is raised from 25 to 100
kW is .
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That same time constant for the surface coverage  is largest for
optimal dosage and drops for both an excessive as well as a conservative
dosage. This observation is verified by experiments as reported in
Section 5.3.2.

Table 4-1: Time constants of the linearized catalytic converter model at OD

This knowledge of the largest and therefore dominant time constants in the
catalytic converter model permits the following predictions:

• Ammonia slip is avoidable even with a control strategy for high NOx 
removal, since the thermal time constants are slowest and the effect of 
changing temperatures can be compensated. 

• Because the dynamics of the engine NOx emission are significantly 
faster than those of the ammonia adsorption, the spike-shaped NOx slip 
cannot be eliminated.

In Section 5.2, where feedforward controllers are designed, and in
Section 6.2.1, where the feedforward controllers are tested on the
dynamometer, these predictions will be proven to be correct.

engine 
power

25 kW 22 s 75 s 7.6 ms 3.1 ms 8.1 ms 16 s 20 s

50 kW 21 s 69 s 5.6 ms 2.7 ms 5.3 ms 4.9 s 18 s

75 kW 19 s 63 s 4.3 ms 2.3 ms 3.9 ms 2.2 s 15 s

100 kW 17 s 59 s 3.3 ms 1.9 ms 3.7 ms 1.1 s 13 s

τΘNH3 1,

τTOC
τTOCW τU 1, τNH3 1, τNOx 1, τΘNH3 1,

τTC 1,



4.1 Detailed Model of the Catalytic Converter System 57

Third, the warm-up test of Figure 4-7 is simulated and the resulting
transients of the surface coverage in all the SCR cells are plotted in Figure 4-
9.

• Under a normal SCR process with little ammonia slip the surface 
coverage declines from the first to the last cell. Disturbances propagate 
from the front to the rear, while they decline in size.

• After a significant overdosage the peak in surface coverage grows on its 
way to the rear. This finally results in ammonia slip.

Fourth, more dynamic cycles are simulated and the results compared with
measurements, as shown in Figure 4-10. The following observations are
worth mentioning:

• The temperature differences  and  vary in the range of  
and , respectively.

• During simulations with optimal dosage, NOx emission levels and NH3 
slip are too high. The difference  rarely exceeds 10% of the raw 
emission levels of NOx, except at very low engine power levels. The 
simulated ammonia slip represents high measured peaks quite well, 
small ones often are overestimated.
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4.2 Simplified Model of the Catalytic Converter System

Various observations suggest that the model of the K69 system could be
simplified without losing its ability to accurately describe the system
performance.

• The urea decomposition is fast and takes place mainly in the first SCR 
cell. The component urea is therefore no longer considered in the SCR 
cells and the urea decomposition is replaced by a static transformation 
of urea into NH3 in the oxidation cell.

• Observations are that the time constants of the storage in the gas phase 
is about two orders of magnitude smaller than the storage of thermal 
energy and of the NH3 storage on the catalyst surface. Thus the dynamic 
description of the NOx and NH3 concentrations in each SCR cell may 
be replaced by static elements.

• The influence of the energy released or consumed by the chemical 
reactions in the SCR cells is small with respect to the thermal 
convection and may be neglected.

Eq. (4.27) thus describes the dynamics of a simplified SCR cell, with the
following input, state, and output vectors,

 , (4.26)

 . (4.27)
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Of course, the NOx and ammonia concentration are functions of the state
variables, 

 , (4.28)

and

 . (4.29)

The arbitrarily chosen number of three SCR cells is considered again and an
attempt is started to parametrize a model with two SCR cells only. Altogether
this reduces the order of the model from 17 to 6. This model of reduced order
yields an overall optimization criterion that is larger than the one of the full
model: . This corresponds to a mean deterioration of the
estimations of 7%. The validation with an arbitrarily chosen series of
experiments yields similar results.

Analogously to Figure 4-4 and Figure 4-5 for the detailed SCR cell, a sketch
and a signal flow chart of the simplified SCR cell are depicted in Figure 4-11.
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Figure 4-11: Sketch and signal flow chart of the simplified SCR cell.
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4.3 Engine System Model

For later use as a simulation tool, a model is designed for the entire engine
system run on the dynamometer “Beule”. Its overall structure is depicted in
Figure 4-12. The model consists of the engine and the catalytic converter
system as well as their control units. It enables the testing of control strategies
for the injection of urea solution as well as the investigation of effects of the
input to the engine system model.

• Test cycles are simulated feeding the desired torque  and engine 
velocity signal  to the engine system model.

• The engine ambient is altered by changing the intake air conditions 
humidity , pressure  and temperature  as well as the ambient 
temperature . By setting  equal to  the dynamometer is 
simulated to be on a vehicle.

• Disturbances to the converter system simulate the plugging of the 
injection nozzle for urea solution and changes in the concentration of 
the urea solution.

Additionally, the model allows the investigation of changes in the engine
system, such as a retuned engine, or an altered catalytic converter system.
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Figure 4-12: Structure of the model of the entire engine system.
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4.3.1 Model of the Engine

The inputs to the engine model are the load torque , the signal for the
diesel injection , the intake air conditions , , , and the ambient
temperature . The output signals for the catalytic converter system are the
exhaust gas mass flow , the molar flow of NOx , and the exhaust
gas temperature . The measured outputs that are transferred to the control
units are the air pressure and temperature at the intake valve,  and , and
the engine velocity . 

Figure 4-13 shows the structure of the engine model. It contains eleven
subsystems. A total of eleven differential equations are needed for the
mathematical description of the model. The following signals are related to
measurements: The output of the air filter corresponds to the measurements at
point 1 in Figure 3-4. The output of the compressor represents the
measurements at point 2, while the output of the inlet, the outlet, and the
tailpipe receiver correspond to the points 22, 3, and 4, respectively.

The air filter (AF) is modelled to cause a pressure drop as a function of the
air mass flow,

 . (4.30)

Due to the lack of data no change in air temperature is modelled such that 
is equal to .

Since phenomena inherent to turbochargers (TC) are assumed to be fast with
respect to the engine dynamics, the compressor (C) is represented by a static
subsystem. The pressures up- and downstream of the compressor and the
turbocharger velocity  in rad/s represent the input to this subsystem. 

The illustration of the compressor characteristics as described by Eq. (4.32) to
Eq. (4.40) in the commonly used shell diagram are given in Figure 4-14. 
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Figure 4-13: Structure of the engine model. Additionally, the engine control 
unit is included in the plot.
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The pressures up- and downstream of the compressor are used in the
calculation of the compressor pressure ratio

 . (4.31)

The scaled volume flow 1 and the pressure ratio for operating points on the
surge line (SL) are parametrized by

 and (4.32)

 . (4.33)

The operating points of the same turbocharger velocity lie on an iso-velocity
line (IVL) whose shape is parametrized by

 . (4.34)

The scaled volume flow of the operating point is determined by 

 . (4.35)

The compressor mass flow is calculated to be

 . (4.36)

1. The values for scaling are  Pa and  K.
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The scaled volume flow and the peak efficiency on the peak efficiency line
(PEL) are

 , (4.37)

and 

 , (4.38)

respectively. Moving on the iso-velocity line the efficiency is calculated to be

 , (4.39)

with  being the turbocharger-velocity-dependent efficiency decline (ED)
from the peak efficiency ,

 . (4.40)

Assuming a polytropic compression, the air temperature after compressor is
then determined to be

 . (4.41)

The power consumed is 

 . (4.42)
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The intercooler (IC) affects the air temperature only,

 . (4.43)

No pressure drop is modelled.

The first dynamic subsystem in the engine model is the adiabatic inlet
receiver (IR). The ODEs for the air pressure and the temperature are as
follows:

 , (4.44)
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Figure 4-14: Fully parametrized shell diagram of the compressor. The 
compressor efficiency is indicated in %.
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and 

 . (4.45)

The combustion (Cb) subsystem determines the torque generation, the air
and exhaust gas mass flows, the temperature of the exhaust gas at the outlet
valve, and the NOx formation. In order to calculate the engine torque, first the
diesel mass flow and then the fuel mean effective pressure are computed:

 , (4.46)

and 

 . (4.47)

In Eq. (4.47) the value  represents the control signal for the desired lift of
the diesel injection device,  is the desired diesel volume to be injected,
and  is the net caloric value of the diesel fuel.

The brake mean effective pressure  is calculated using a parabolic Willans
approach, 

(4.48)

All the needed parameters  are parametrized as a function of the engine
velocity,

 . (4.49)
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The engine torque finally is 

 . (4.50)

The engine acts as a volumetric pump, transporting air from the inlet to the
outlet receiver. The air mass flow is

 . (4.51)

The aspiration efficiency is determined by

 , (4.52)

whereas effects caused by trapped exhaust gas at TDC are represented by .
With  the dependency of the aspiration efficiency on the engine operating
point is modelled,

, (4.53)

and

 . (4.54)

In this representation,  is the outlet-to-inlet pressure ratio

 . (4.55)
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The exhaust gas leaves the combustion engine with the mass flow  and at
the temperature ,

 , (4.56)

 . (4.57)

A wide-spread approach to describing the formation of NOx is the Zeldovich
mechanism. There is still a lot of work being done in this field [37], [58], [59],
[99]. In this thesis a simple phenomenological approach is used to describe the
NOx formation. The steady-state NOx concentration is determined by

 . (4.58)

In this formula  represents the steady-state NOx concentration map at
normal temperature and pressure (NTP) as depicted in Figure 3-6. The effects
of varying intake air conditions are considered using the factor . The
formula for the determination of  is derived from the calculation of the
specific emissions as described in the Proceedings of the European Transient
Cycle (ETC) [23] 1,

 , (4.59)

whereas  is the saturation vapor pressure of water in air, which was
parametrized as well,

 . (4.60)

1. A brief introduction to the European Test Cycles and the calculation of the 
factors for the normalization of emissions are given in Appendix B.
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In order to model the dynamics of the NOx formation, a lag-lead element is
connected in series to the calculation of the steady-state concentration,

 , (4.61)

 . (4.62)

The molar NOx flow out of the engine is

 . (4.63)

Figure 4-15 illustrates the agreement of the measured and the estimated NOx
molar flows. Clearly, the NOx formation model captures well the levels and
the dynamics of the molar flow of NOx.
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Figure 4-15: Validation of the NOx formation model with an ESC.



72 Chapter 4   Mathematical Models

The engine inertia determines the engine velocity. Since the engine
subsystem already takes into account friction, there are no braking terms other
than the external torque,

 . (4.64)

The outlet receiver (OR) is modelled with two ODEs for the exhaust gas
pressure  and the temperature , 

 , (4.65)

 . (4.66)

The energy storage in the outlet receiver pipe wall is modelled with a third
ODE for the wall temperature,

 . (4.67)

The energy transferred from the exhaust gas to the wall and the energy
radiated from the wall to the ambient thus are

 (4.68)

and 

 . (4.69)
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A fourth ODE describes the storage of NOx,

 , (4.70)

with 

 . (4.71)

The turbine (T) is modelled as a static element. The turbine mass flow  is
calculated using an approach for the flow function  by Eriksson [20],

 , (4.72)

with

 (4.73)

and

 . (4.74)

Due to the lack of reliable data, the turbine efficiency is assumed to be
constant. The exhaust gas temperature downstream of the turbine  and the
power consumed by the turbine  are calculated to be

 (4.75)
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and

 . (4.76)

The turbocharger inertia determines the velocity of the turbocharger as
follows:

 . (4.77)

Friction usually is taken into account by the turbine efficiency. In this model,
however, an additional, velocity-dependent braking term proved to result in a
better matching of the overall engine model.

The tailpipe receiver (TPR) subsystem is identical to the outlet receiver
subsystem. It is described by the ODEs for the exhaust gas pressure and
temperature,

 (4.78)

and

 , (4.79)

the storage of thermal energy in the tailpipe wall,

 , (4.80)
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with

 , (4.81)

 , (4.82)

and the storage of the NOx,

 , (4.83)

 . (4.84)

The converter throttle (CTh) models the back pressure of the entire tailpipe.
Half of this back pressure is induced by the catalytic converters. This makes a
linear approach for the flow function work better than the usual orifice
approach,

 . (4.85)

The mass flow is determined to be

 . (4.86)

4.3.2 Model of the Engine Control Unit

The engine control unit (ECU) receives the measurement data for air
pressure and temperature in the inlet receiver,  and , and the engine
velocity . With this information it determines the control signal for the
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diesel injection , corresponding to a desired lift for the injection device.
The lift signal is the sum of a map-based feedforward controller and a
feedback controller with integrative behavior,

 , (4.87)

with

 . (4.88)

In the ECU, for later use in the control unit of the catalytic converter system,
Eqs. (4.47) through (4.51) are computed in order to estimate the diesel mass
flow  and the engine torque .

4.3.3 Parametrization of the Engine Model and its Control Unit

The engine model was parametrized using static measurements, a European
Steady-State Cycle (ESC), and a European Transient Cycle (ETC). After the
matching of the subsystems, the entire engine model including the engine
control unit was subject to a parameter optimization. The heat transfer
coefficient , the radiation coefficients , and the pipe wall heat
capacities  of both the outlet and the tailpipe receiver were free
optimization parameters. The objective was to achieve a good matching of the
temperatures  and , the exhaust gas mass flow , and the molar
NOx flow out of the tailpipe receiver . Therefore, the squared errors
of these four matching signals are considered in the optimization criterion

 . (4.89)

The mean relative errors achieved in the ESC for the matching signals are
0.40, 0.10, 0.49, and 1.1%, respectively. In the ETC, 2.1, 0.17, 0.48, and 2.0%
are achieved.
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4.3.4 Model of the Catalytic Converter System

As sketched in Figure 4-16, the model of the catalytic converter system
(CCS) consists of five subsystems. From the engine model it is fed with the
exhaust gas mass flow , the temperature , and the molar flow of NOx,

. From the control unit it receives the desired amount of injected urea
solution, and it is affected by the disturbances ,  and . The
model outputs are the molar flow of NOx  and ammonia , and the
exhaust gas temperature , all downstream of the catalytic converter, as well
as the signal from the NOx sensor, .
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Figure 4-16: Structure of the model of the catalytic converter system.
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The model for the injection of urea solution (USI) is a low-pass filter of first
order that represents the dynamics of the injection device. As long as the
disturbances  and  do not deviate from one, the static amount of urea
solution injected corresponds to the desired amount,

 , (4.90)

 . (4.91)

Obviously, both the plugging and variations in the concentration of the urea
solution disturb the catalytic converter system in a similar way.

Since the injection of urea solution introduces additional mass into the
tailpipe, the exhaust gas mass flow through the catalytic converter is

 . (4.92)

The catalytic converter is modelled by a series of three simplified SCR cells,
for which the governing equations are given by Eqs. (4.26) to (4.29). For the
model of the catalytic converter system that is part of the engine system
model, a minor change is introduced by defining the ambient temperature

 as an additional input.

The model for the NOx sensor is static. It takes into account the sensor’s
cross-sensitivity against ammonia and transforms the concentrations of NOx
and ammonia into the sensor signal in ppm,

 . (4.93)
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4.3.5 Parametrization of the Catalytic Converter Model

With measurements taken on the dynamometer “Beule”, the model for the
catalytic converter system is successfully parametrized for the M90 system.
The parametrization is done independently of the parametrization of the
engine model. The procedure is very similar to the parametrization of the K69
model. 

For the parametrization of the model for the M90 system static
measurements taken at the twelve mandatory operating points other than idle
of the European Steady-State Cycle (ESC) are used, each at four different feed
ratios representing approximately 70, 85, 100, and 115% of the optimal
dosage, respectively. For the dynamic parametrization three experiments are
used, namely a warm-up test at 1900 rpm, an ESC, during which the SCR was
excited by manipulating the injection of urea solution, and an experiment
during which the injection of urea solution was steadily increased.

At steady state, the maximum deviations in temperature, NOx, and NH3
concentration downstream of the catalytic converter system are 9.5 oC, 0.45
mmol/s, and 0.55 mmol/s. The only outlier is the operating mode at 1280 rpm
and maximum engine torque, where the plant shows much better NOx
removal and less NH3 slip than the simulation. 

In dynamic tests the simulated transients of NOx and NH3 show the correct
shape. Deviations are similar to but larger than for the K69 system. This had
to be expected since the K69 system is parametrized for a constant engine
speed, whereas the M90 system has to cover a range of engine speeds. The
estimation of NOx emissions generally is good. Close to optimal dosage, the
NH3 slip is overestimated, while with heavy slip the estimation is quite
accurate. 

The validation of the M90 model with a warm-up test at 1590 rpm is shown
in Figure 4-17.
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An attempt to parametrize the converter model for the catalytic converter
system containing the extruded monolith D45 was not successful, most likely
due to a structural problem. At low temperatures the underlying layers of
catalyst material take part in the adsorption of NH3 and in the NOx removal
process, which was not modelled.

4.3.6 Control Unit of the Catalytic Converter System

The model of the CCS control unit contains the control strategy to be
described in detail in Chapter 5. The input signals to this control unit are the
measurements taken on the engine, namely , , and , plus the
estimations from the ECU, , and , the measurements of the
temperatures up- and downstream of the catalytic converter system,  and

, and the NOx sensor signal .
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Figure 4-17: Validation of the M90 model parametrization with a warm-up 
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4.3.7 Preliminary Validation of the Engine System Model

A preliminary validation of the engine system model 1 with the ESC and with
the ETC that were used for the design of the engine model yields the results
listed in Table 4-2. The NOx removal rate of the simulation with the engine
system model differs from the rate measured by –4.1% and 3.3%, respectively.
The estimated mean ammonia slip amounts to about five times the measured
value. 

Since the catalytic converter system is operated close to optimal dosage and
is based on the results from the static parametrization, this had to be expected.
Although the mean NH3 emission is overestimated, it is still a factor of two
below the estimation of the mean NOx emission, which is estimated much
more accurately.

The results indicated in the center row of Table 4-2 are obtained with a
simulation of the CCS model with input data measured on the dynamometer.
This allows to study the loss in accuracy when using the engine model to
generate the input for the CCS model. The deviations in the NOx removal rate
are –2.0% and 0.9% now. This is half of what was calculated in the simulation
of the engine system. The estimated mean ammonia slips are similar for both
simulations.

A more precise estimation regarding the NOx removal rate is thus possible if
the cycle is run on the dynamometer and the input data for the simulation of
the catalytic converter system is based on measurements. However, using the
engine model for the generation of input data for CCS simulations leads to an
acceptable deterioration of the predicted NOx removal rate. Therefore, the
engine system model is a suitable tool for further investigations.

1. Strategy S2B was used for these simulations. The strategy will be 

explained in detail in Chapter 5.
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Table 4-2: Validation with performance data

4.4 Discussion

The initial idea of how to model the catalytic converter was found in
Germann [30], whose work was based on the thesis of Padeste [79]. Both were
dealing with TWCs. For further details on engine modelling see Guzzella
[35].

In literature, Eley-Rideal as well as Langmuir-Hinselwood reaction
mechanisms are proposed for SCR reactions. The motivation to choose an
Eley-Rideal mechanism was found in the thesis by Willi [100], who reports
this mechanism to be favored in the relevant temperature range above 180oC,
and in the paper by Koebel [51] indicating a considerably larger and thus
reaction-rate-determining adsorption energy of >100 kJ/mol for ammonia,
while the one for NO is 20 kJ/mol only.

Various investigations on the SCR reaction (R2.1) have been published, e.g.
Willi [100] and Madia [66]. Experiments have been conducted at a feed ratio
of =1, and the overall performance of the catalyst sample or the catalytic
converter have been studied. A reaction of first order for NOx and of zeroth
order for NH3 is reported. The influence of the concentration levels of O2 and
H2O in the exhaust gas is negligible for typical diesel exhaust compositions.

ESC ETC

performance
DeNOx 

[%]
mean NH3 (NOx) 

slip [ppm]
DeNOx 

[%]
mean NH3 (NOx) 

slip [ppm]

measurement 88.7 6.7 (82.9) 86.0 9.8 (84.3)

simulation of 
the CCS

86.7 29.4 (97.1) 86.9 46.3 (79.0)

engine system 
simulation

84.6 31.9 (118) 89.3 47.9 (68.6)

α
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For the control-oriented models described in this thesis, a second-order
reaction rate is more appropriate, since shortages of adsorbed NH3 as well as
of NOx must have an effect on the reaction rate.

In spite of the different approaches the activation energy levels of the SCR
reaction (R2.1) and the modelled SCR reaction (R4.3) are comparable. In the
literature, the activation energy is identified to be in the range of 80 to 100 kJ/
mol (e.g., Nova [77], Sirdeshpande [89], Madia [66], and Willi [100]). The
optimized activation energies are 24 kJ/mol for the detailed K69 model, 8.0
kJ/mol for the simplified K69 model, and 75 kJ/mol for the M90 model. 1

Considering the fact that chemical parameters often vary by several orders of
magnitude, this match is quite good.

Today the potential of reaction (R2.2) is well understood. The SCR
apparently progresses significantly faster if a mixture of NO and NO2 is
entering the converter. Modelling the catalytic converter system, the arbitrary
choice of one SCR reaction only is a simplification of the intrinsic chemistry.
However, two reasons support this approach. First, the real NO2/NOx ratio
will hardly be measured in a mobile, real-time application. Second, the
standard as well as the fast SCR reactions consume one mole NH3 per mole
NOx.

1. For the model for the M90 system used for the design of the control 
strategies, the activation energy is 41 kJ/mol.
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CHAPTER 5

CONTROL STRATEGIES

As defined in Chapter 2, the target for the control strategies is a maximum
NOx removal at a mean ammonia slip of 10 ppm. Various control algorithms
for the M90 system are designed and studied in detail. Their description fills
most of this chapter. Section 5.6 then describes the control strategies for the
D45 system. They were easily adapted from the algorithms developed for the
M90 system.

All the control strategies are based on the same overall structure. It is shown
in Figure 5-1. As described below, data from the ECU and the output of five
measurements are fed to the data preprocessor, preparing the input for the
feedforward controller (FFC) and the prefilter (PF). The outputs of the
feedback controller (FBC) and of the feedforward controller are multiplied.
The periodic excitation (pE) is added, and the signal is then fed to the plant.
The plant consists of the injection device for urea solution, the SCR catalytic

Feedforward

Figure 5-1: Overall structure of all of the control strategies.
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converter, and the NOx sensor, as well as the temperature sensors up- and
downstream of the converter. With the information of the periodic excitation
and the temperatures up- and downstream of the catalytic converter the
excitation filter filters the signal of the NOx sensor. The input signal to the
feedback controller is the difference between the setpoint value determined by
the prefilter and the filtered NOx signal.

5.1 Data Preprocessor

The data preprocessor prepares the information required by the feedforward
controller and the prefilter. It receives the data from a series of measurements
and signals from the engine control unit (ECU), namely 

• the temperature of the exhaust gas measured up- and downstream of the 
SCR catalytic converter,  and ,

• the measured temperature and pressure at the inlet valve,  and , as 
well as the measured engine velocity , and

• the calculated signals engine torque  and mass of diesel 
injected . 

The preprocessing includes the following calculations:

• The NOx concentration downstream of the turbine is determined using 
the dynamic NOx formation model described in Section 4.3.1. Since the 
conditions of the ambient air are not measured,  is set equal to one.

• The exhaust gas mass flow is calculated using the volumetric pump 
formula indicated in Section 4.3.1. Since the pressure at the outlet valve 
is not measured,  is set equal to one.

• The mean catalytic converter temperature  is calculated according to 
Eq. (2.6), and the space velocity  is calculated with Eq. (2.7). 

T5 T6

T22 p22

neng

Meng calc,
m

*
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5.2 Feedforward Control

The feedforward controller has to guarantee an optimal NOx removal with
respect to a limited NH3 slip when no disturbances affect the process. It has to
be fast and it must be able to handle the dynamics of the catalytic converter
system.

First in this section the control model for the M90 catalytic converter system
is presented. It first allows a preliminary study of optimal control problems
and then enables the design of a total of three model-based feedforward
controllers. The warm-up test, during which the catalytic converter system is
heavily excited, serves as a test cycle. It permits the comparison of the
performance of various feedforward controllers.

5.2.1 Converter Model for Controller Design

For the design of modelbased feedforward controllers, the simplest model
possible for the M90 catalytic converter is parametrized. It consists of two
SCR cells only, which are marked with the indices I and II. Since  is not
measured on the commercial engine application,  is defined to be
constant.

The model for the feedforward controller design thus may be summarized as
follows. The input, state, and output vectors of the entire model are

 . (5.1)

Tamb

Tamb

u
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The model is described by the following ODEs 

(5.2)

with the abbreviations

 (5.3)

and 

 , respectively. (5.4)

The model is parametrized the same way as the converter model described in
the previous chapter. For the dynamic parametrization the number of
experiments may be reduced. Observations at steady-state performance are
that the maximum deviations in temperature, NOx, and NH3 concentration

cSΘI
·

a3 TI( ) 1 ΘI–( )cNH3 I, a4 TI( )ΘI– a5 TI( )cNOx I, ΘI– a6 TI( )ΘI–[ ]=

TI
·

a7mEG
*

T5 TI–( ) a9 TI
4

Tamb
4

–( )–=

cSΘII
·

a3 TII( ) 1 ΘII–( )cNH3 II, a4 TII( )ΘII– a5 TII( )cNOx II, ΘII– a6 TII( )ΘII–[ ]=

TII
·

a7mEG
*

TI TII–( ) a9 TII
4

Tamb
4

–( )–=

cNH3 I,

a1nNH3 5,
*

a4 TI( )ΘI+

a0a1mEG
*

TI a3 TI( ) 1 ΘI–( )+
----------------------------------------------------------------------=

cNH3 II,

a0a1mEG
*

TIcNH3 I, a4 TII( )ΘII+

a0a1mEG
*

TII a3 TII( ) 1 ΘII–( )+
----------------------------------------------------------------------------=

nNH3 II,
*

a0mEG
*

TIIcNH3 II,=

cNOx I,

a1nNOx 5,
*

a0a1mEG
*

TI a5 TI( )ΘI+
--------------------------------------------------------=

cNOx II,

a0a1mEG
*

TIcNOx I,

a0a1mEG
*

TII a5 TII( )ΘII+
-------------------------------------------------------------=

nNOx II,
*

a0mEG
*

TIIcNOx II,=



5.2 Feedforward Control 89

downstream of the catalytic converter system are 8oC, 0.6 mmol/s, and 0.7
mmol/s. Similarly to the observation stated in Section 4.3.5, the operation
mode at 1280 rpm and maximum engine torque is an outlier with much better
NOx removal and less NH3 slip than in the simulation. The validation of the
M90 model with a warm-up test at 1590 rpm is shown in Figure 5-2. 

5.2.2 Warm-up Test and Model Extension

The warm-up test consists of a series of steps in engine torque from low to
full and back to low load, all at a constant engine speed of 1590 rpm. The
torque levels range from 240 to 1570 Nm, respectively. Each is held for two
minutes. The warm-up test provokes large thermal transients, as illustrated in
Figure 6-4. They induce changes in the catalytic activity and in the NH3
surface coverage inside the SCR catalytic converter. This warm-up therefore
is ideally suited for the evaluation of the performance of the feedforward
controllers which are assumed to handle the dynamics of the plant.
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Figure 5-2: Validation of the M90 model for the feedforward controller 
design with the warm-up test at 1590 rpm.
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The fourth-order model of the catalytic converter is extended by a part
describing the dynamics of the input signals of the converter model during the
warm-up test. The engine speed is set to  = 1590 rpm. All the input signals
except the molar flow of ammonia , which is the control signal, are then
described as functions of the engine torque .

The exhaust gas mass flow is a static function of the engine torque,

 . (5.5)

The molar flow of NOx is modelled with a characteristic curve for the
steady-state NOx concentration ,

 , (5.6)

and a lag-lead element describing the dynamics of the engine’s NOx
emission,

 , (5.7)

 . (5.8)

The exhaust gas temperature is modelled similarly, 

 , (5.9)

 , (5.10)

 . (5.11)

The fourth-order model is thus turned into a model of sixth order, designed
for studying the optimal control problems.
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5.2.3 Optimal Boost Injection

For this preliminary investigation of the plant, the engine is run at a constant
operating point. All the temperatures as well as the NOx molar flow are
assumed to have reached their steady-state levels. The injection of urea
solution has not been started and no ammonia is stored in the catalytic
converter as yet.

Given the extended converter model described by a system of ODEs,

 , (5.12)

and the vector of the initial state values,

 , (5.13)

the question now is what the optimal transient of the molar flow of ammonia
 would be with respect to the following linear optimization criterion,

 . (5.14)

Clearly, the temperatures and the NOx molar flow are constant, and just one
part of the model presented above is sufficient for the investigation of this
problem. 

Pontryagin’s Minimum Principle [28] is used to calculate the optimal
feedforward control signal. First the Hamiltonian is determined:

 . (5.15)
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Since the optimum operation point of the SCR process may be calculated,
the set of boundary conditions for this two-point boundary-value problem is
completed by

 . (5.16)

Then the necessary conditions for the optimality of a solution are derived to
be 

 . (5.17)

Using the linear optimization criterion indicated in Eq. (5.14) results in a
Hamiltonian, which is linear in the control signal , and an optimal
solution with a singular part, which brings a complex set of necessary
conditions with it that are difficult to calculate.

A very similar optimal solution may be expected when the NOx and
ammonia emissions are taken into account quadratically in the optimization
criterion,

 . (5.18)

Since the Hamiltonian is quadratic in the control signal , the
following rule for the optimum feedforward control can be derived:

 , (5.19)
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with

 , (5.20)

and

 . (5.21)

The necessary conditions for the optimality of the solution are used to
formulate a shooting problem. It is solved for an engine torque of  = 1000
Nm, with the weighing factors  = 5 and  =1. 

The solution of the optimal control problem is depicted in Figure 5-3. The
starting time of the injection of reducing agent is chosen to be  = 5 s. The
optimum injection of urea solution starts with a boost injection of roughly
1.35 s. It is then gradually reduced, and reaches steady state after a slight
undershooting. This occurs in parallel with an overshooting of the surface
coverage in the first SCR cell. Steady state is reached about 12 s after the start
of the injection.
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5.2.4 Optimum NOx Removal during the Warm-up Test

The optimal feed of reducing agent during a warm-up test is calculated using
a quadratic optimization criterion, which is extended with terms that enhance
the stability of the numeric solution:

 , (5.22)

with

 , (5.23)
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Figure 5-3: Optimum boost injection at a constant engine operating point.
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and

 . (5.24)

The terms  and  refer to the steady-state engine
operation at . 

The state variables of the plant are free at the end time of the problem, and
the set of boundary conditions for the two-point boundary-value problems is
completed with

 . (5.25)

The rule for the optimum feedforward control is 

 , (5.26)

with the following expression for ,

 . (5.27)

The numeric solution of this optimal control problem is calculated assuming
that the information as to when the step in engine torque occurs is not
available to the control algorithm. This enables the problem to be subdivided.
The solution of the problem with the weighting factors  = 10-4,  = 10-5,

= 5, and  =1 is depicted in Figure 5-4. 
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The immediate reaction of the optimal injection to the step in engine torque
ressembles a boost injection. This time, however, the optimal ammonia feed
does not reach the saturation . The boost injection results in a significant
temporary increase of the surface coverage in the first SCR cell, which allows
the SCR process to achieve NOx removal rates of >67% starting as soon as 10
seconds after the step in engine torque without causing a significant increase
in ammonia slip.

Still, the main problem is not solved, which is what transient of the injection
of urea solution would be optimum with respect to the optimization criterion
of Eq. (5.14) during the warm-up test. This motivated an attempt to solve it by
numerical optimization of the iso-distant sampling points of the spline
describing the injection of urea solution. Its solution is depicted in Figure 5-5.
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Figure 5-4: Optimum NOx removal during the warm-up test, calculated as 
an optimal control shooting problem.
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The optimal injection of urea solution is not as smooth as expected.
However, as the converter model is a filter for high frequencies, the
optimization criterion is not sensitive to noise in the injection signal. Both the
NOx and the ammonia emission signals are smooth.

A boost injection prior to the step in engine torque enhances the surface
coverage in time and reduces the size of the NOx emission peak just after the
step. After the boost the injection underswings.

The performance achieved with the two optimum controllers looks similar.
They mainly differ in the size and the shape of the boost injection. The values
of the linear optimization criterion evaluated for  = 100 s to  = 220 s of the
two controllers differ by 4%, as illustrated in Figure 5-15. This results from
the differences in the quality criterion, and from the advantage that the
controller with the numerically optimized sampling points knows the time
when the step in engine torque occurs.
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Since the operation of an engine is not a sequence of well-defined operating
points, this optimal control (OC) injection of urea solution cannot be
implemented in a feedforward controller for the catalytic converter system.
However, its performance will serve as the goal to be achieved in the design of
feedforward control strategies.

5.2.5 Static Feedforward Controller

The core of the static feedforward controller is the map for the optimal feed
ratio  shown in Figure 3-8. The desired molar flow of
ammonia represents the controller output. It is calculated to be:

 , with . (5.28)

In order to prevent the transmission of high-frequency noise from the
measurements to the injection device for the urea solution, the feedforward
controller is equipped with an output filter. This filter is a low-pass filter of
first order with a time constant of  = 0.5 s,

 . (5.29)

This static feedforward controller will be used in the first strategy named
Strategy S1x. It is sketched in Figure 5-6.  

The simulation of the warm-up test with this strategy is depicted in Figure 5-
7. For ease of comparison, the surface coverage data of the simulation with the
optimum control injection of urea solution are plotted as well.
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The use of the static feedforward controller results in a significantly larger
surface coverage than that obtained with the optimum controller. As
illustrated in Figure 5-15, this results in a better NOx removal and a larger
ammonia slip.

5.2.6 Feedforward Controller with Surface Coverage Estimator

As depicted in Figure 5-8, in the design of this second feedforward
controller a model-based part is added to the static feedforward controller in
order to predict and reduce ammonia slip. This new part contains the model of
the M90 catalytic converter system. It is used to estimate the states of the NOx
abatement system on-line. It is fed with the input signals 

 . (5.30)
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Figure 5-7: NOx removal during the warm-up test with the Strategy S1A.
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The molar ammonia flow  corresponds to the output of the
feedforward controller while the other input signals are calculated to be

 , with  , and (5.31)

 , with  . (5.32)

With respect to the estimation of the temperature in the first SCR cell of the
model and the space velocity, a map is used to determine the surface coverage
in the first SCR cell at steady-state and optimal dosage conditions,

 . (5.33)

This statically optimal coverage  is used as an upper limit for the
coverage , which is estimated in the SCR catalytic converter model. The
rule to calculate the reduction of the molar ammonia flow is:

 , (5.34)

and the desired amount of ammonia is

 . (5.35)

The coefficient scaling the feed reduction was chosen to be ,
meaning that excess adsorbed ammonia should be eliminated within 3
seconds.

As in the static feedforward controller, an output filter is applied in order to
eliminate high-frequency compounds in the output signal of the feedforward
controller ,

 . (5.36)
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Strategies containing this model-based feedforward controller later will be
referred to as Strategies S2x. Their structure is depicted in Fig. 5-8.  

 

Figure 5-8: Structure of the dynamic feedforward controller with the surface 
coverage estimator, which basically is the model of the SCR 
catalytic converter.
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Figure 5-9: NOx removal during the warm-up test with Strategy S2A.
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The simulation of the warm-up test with this strategy is shown in Figure 5-9.
The transients of the surface coverages in both SCR cells are close to those
obtained with the optimum controller. Therefore, a better performance is
expected than for the static feedforward controller. Due to the asymmetry in
the model-based part of the feedforward controller, no boost injection is
performed. 

Fig. 5-10 depicts the surface coverages obtained with both the Strategies S1A
and S2A as well as the theshold values . The feed reduction in Strategy S2A
calculated with the difference  does not prevent the estimated
surface coverage from overshooting the threshold value. However, the
overshooting is much less pronounced than it is with Strategy S1A. The feed
reduction is strong enough to keep the surface coverage in the second SCR
cell below the threshold value 1. 
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Figure 5-10: Simulated surface coverage with ammonia during the warm-up 
test, upper lines for cell I, lower lines for cell II, respectively.
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5.2.7 Feedforward Control for Constant Ammonia Slip

Dynamic feedforward controllers may be designed by partial inversion of
the model for the catalytic converter system as depicted in Fig. 5-11.

In a first design a constant setpoint for the NH3 slip  given in ppm
is chosen. Introducing the abbreviations 

(5.37)

in Eq. (5.3) yields

 . (5.38)

1. The reduction in urea solution feed is most effective when the output filter 
is fast and if there are no significant actuator dynamics, as during the 
experiments shown in this chapter, where the time constant of the output 
filter is set to  = 50 ms. The experiments presented in [87] were run with 

 = 500 ms. As a consequence the reduction in the ammonia slip is 

considerably smaller.
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The ammonia feed needed to keep the ammonia slip at a constant ppm level
then must be

 , with  . (5.39)

On the dynamometer, a choice of  = 15 ppm proved to be quite
accurate, leading to a mean measured ammonia slip of about 10 ppm. This
discrepancy had to be expected since the model tends to overestimate the
ammonia slip in simulations with a dosage that is close to the optimal dosage.

As in the feedforward controllers presented above, the output filter is
applied. Strategies containing this model-based feedforward controller for
constant ammonia slip later will be referred to as Strategies S3x.  

The simulation of the warm-up test with this strategy is shown in Figure 5-
12. Obviously, the dosage of urea solution is conservative. The surface
coverages are almost constant, resulting in a moderate NOx removal and a
small ammonia slip.

nNH3 FFC bf, ,
*

k4cNH3 II des, , d4– d2d3–

d1d3
------------------------------------------------------------= k4

10
6–
pambTN

vmolpNTII
-----------------------------=

cNH3 II des, ,

Figure 5-11: Structure of the dynamic feedforward controller with the 
partially inverted model of the catalytic converter system.
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5.2.8 Feedforward Control for Constant NOx/NH3 Slip Ratio

In a second design with partial model inversion, a constant NOx/NH3
emission ratio  is desired,

 . (5.40)

Introducing the terms

(5.41)
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Figure 5-12: NOx removal during the warm-up test with Strategy S3A.
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allows Eq. (5.4) to be rewritten as follows,

 . (5.42)

The desired emission ratio is then transformed algebraically, and the desired
ammonia feed is derived,

 . (5.43)

Experiments on the dynamometer showed that for the feedforward controller
an emission ratio  of 7 proved to yield good results.
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Figure 5-13: NOx removal during the warm-up test with the Strategy S4A.
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Again, the output filter is applied. Strategies containing this model-based
feedforward controller for a constant NOx/NH3 emission ratio  later
will be referred to as Strategies S4x.

The simulation of the warm-up test with this strategy is shown in Figure 5-
13. Since the surface coverages are matching those of the optimum controller
well, this feedforward controller is expected to achieve a good performance
with respect to the linear optimization criterion. Furthermore, it incorporates
the advantage of being implementable.

5.2.9 Comparison of the Feedforward Controllers

Figure 5-14 depicts the NOx and ammonia emissions simulating the warm-
up test with the various control strategies. With respect to these emissions as
well as the surface coverages as depicted in the Figures 5-7, 5-9, 5-12, and 5-
13, the performance of the Strategies S2A and S4A is similar to the one
achieved with an optimum control solution. While with Strategy S1A urea
solution is injected excessively, with Strategy S3A the injection is
conservative.

The linear optimization criterion is calculated for  = 100 s and  = 240 s
for both optimal control solutions and for all the feedforward controllers. The
results are plotted in Figure 5-15. They confirm the observation that the
Strategies S2A and S4A achieve NOx removal rates and an ammonia slip
similar to those obtained with an optimum control solution. The values of the
optimization criterion for both the Strategies S2A and S4A are just 1.6 and
1.0% larger than for the optimal control dosage. 
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5.3 Filtering the NOx Sensor Signal

When the catalytic converter system is operating close to optimal dosage a
small increase in the amount of urea solution injected increases the ammonia
slip, but in most operating points it has little effect on the NOx emission. The
other way round, a decrease in the amount of urea solution affects the NOx
emission, but has little effect on the ammonia slip.

The implementation of an NOx feedback controller requires a suitable device
to measure NOx. Since with a perfect NOx sensor it would be possible to
quantify deviations from the optimal operating point with an underdosage, but
not with an overdosage, the setpoint value would have to be set to a value
smaller than optimal dosage. The analogous remark holds for a perfect NH3
sensor and a setpoint value greater than optimum dosage.

If both a perfect NOx as well as a perfect NH3 sensor were available, a linear
sensor characteristic could be generated by calculating the signal .
A negative value of this signal would correspond to excess NH3, and at the
same time a lack of NOx. It would thus be possible to choose the setpoint
value at OD.

For use in the harsh environment of an automotive application neither a
perfect NOx sensor nor a perfect NH3 sensor is available, much less one
measuring . The only sensor currently available on the market that
promises to resist the harsh environment of an automotive application is the
Siemens-NGK “Smart NOx-Sensor“. Since it is heated up to about 700 oC and
acts as a thermal NO2-to-NO converter, it shows a significant cross-sensitivity
to NH3. This cross-sensitivity is a well-known interference phenomenon [16].
The measurement by the NOx sensor can be represented as the superposition
of the NOx and the NH3 concentrations,

 . (5.44)

cNOx
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The cross-sensitivity is documented in Figure 5-16, where the signals from
an NO 1 and an NH3 analyzer as well as the data provided by an NOx sensor
are shown. The engine is operated at steady state while the feed ratio of the
urea solution is slowly increased.  

In order to generate the linear sensor characteristic and regain its advantages
this sensor signal has to be filtered. Thus a procedure has to be found to
distinguish between the “lean”, NOx-containing side and the “rich”, NH3-
containing side 2.

1. Since NOx downstream of an SCR catalytic converter consists mainly of 

NO, an NO analyzer suffices to measure NOx.

2. In otto engines, the concepts of rich and lean are used to refer to the air/
fuel ratio . There an engine operation on the rich side, , means that 
there is not enough air to complete the combustion, while  indicates 
excess air being available. In this SCR application rich, , means 

excess NH3 and lack of NOx, while lean, , refers to a lack of NH3.
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Figure 5-16: Demonstration of the NOx sensor’s cross-sensitivity to NH3. 
The feed ratio of a urea solution is slowly increased, while the 
engine is operated at 1590 rpm and 800 Nm.
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5.3.1 Filter Design Using Orthogonal Correlation

A total of three attibutes of the catalytic converter system are used to find a
rule and detect whether NOx or NH3 is measured. The first is the ability of the
converter to separate NOx and NH3 emissions. The second is the cross-
sensitivity of the NOx sensor against NH3. The third is the filtering behavior
of the catalytic converter for noise in the feed ratio . When overdosing
reducing agent, , excess NH3 is floating through the catalytic
converter. The adsorption and desorption of NH3 result in a strong filtering of
noise in the feed ratio. However, at an ammonia feed lower than required for
OD, , noise is propagating almost unaffectedly through the converter.

Noise in the feed ratio is either caused by the combustion process, resulting
in fluctuations in the engine NOx emissions, or it is caused by the injection of
urea solution. Although the noise in the NOx concentration upstream of the
catalytic converter system has a high frequency, it is not strong enough to
allow the desired detection. Thus a permanent excitation of the plant and the
application of a new detection procedure is introduced.

1. Orthogonal correlation techniques are used to calculate the ampli-
tude  of the NOx sensor signal at the excitation frequency.

 , with 

 , and  . (5.45)

2. Comparing the amplitude with a threshold value  discloses 
whether NOx or NH3 is predominant.
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3. If NH3 is determined to be predominant in the exhaust gas 
downstream of the SCR catalytic converter, the measured NOx signal 
is inverted. The signal is scaled in order to obtain an appropriate 
concentration signal,

 . (5.46)

This procedure is implemented in the excitation filter.

As the overall structure of all the control strategies in Figure 5-1 shows,
prior to feeding the signal for the desired amount of urea solution to be
injected to the injection device, the controller signal is transformed from
molar ammonia flow to urea solution mass flow and the periodic excitation is
superposed,

 , (5.47)

and 

 , (5.48)

with 

 . (5.49)

In addition to the periodic excitation, the excitation filter receives the NOx
sensor signal and the temperature measurements from the plant.
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While the engine is running at steady-state the detection procedure is tested
with a ramp in the urea solution feed, as illustrated in Figure 5-17. The
comparison of the amplitude  with the threshold value  in the upper plot
permits the conclusion as to whether the exhaust gas is rich or lean, which in
turn allows the generation of the appropriate filtered NOx sensor signal .

In order to prevent a wrong detection of the rich side, the threshold for
detection has to be chosen fairly high. This may result in a detection step at

. At low (and at very high) temperatures the detection procedure
even breaks down due to dramatic changes in the filtering behavior of the
catalytic converter. In these situations, the excitation of the plant is stopped,
and the input to the feedback controller is set to zero.
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Two filters are designed. The excitation of the first is sinusoidal, with an
amplitude  and a period , 

 . (5.50)

The threshold value  is chosen to be constant. This filter proves to be
reliable, but it requires converter temperatures of at least 400 oC. This
temperature is reached for a sufficiently large share of total operation time in
warm ambient air only or with a well insulated tailpipe.

The excitation of the second filter is rectangular, with an amplitude of
 and a period of , 

 . (5.51)

The threshold value  is dependent on the mean converter temperature.
This excitation is thus slower and more intensive, but it allows the expansion
of the working range of 400 to 500 oC down to a minimum converter
temperature of about 320 oC.

5.3.2 Alternative Filtering of the NOx Sensor Signal

Another idea for a feedback controller using a NOx sensor with cross-
sensitivity against ammonia is to choose the setpoint value as the minimum
achievable sensor signal. Again, the key piece of information that has to be
delivered by a filter for the NOx sensor signal is whether the sensor is
measuring in rich or lean exhaust gas. 

Assuming a rectangular excitation for this alternative filter design, the
expected system responses look like the ones depicted in Fig. 5-18. When the
sensor is measuring on the lean side, a step-shaped increase in the injection of
urea solution provokes a decrease in the NOx sensor signal. When a step-
shaped decrease occurs, the system answers with an increase in the NOx
sensor signal.
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On the rich side, however, a step-shaped increase in the injection of urea
solution provokes an increase in the sensor signal, while a decrease results in a
decrease of the NOx sensor signal. The answers are changed. 

The mean sensor signal measured during each half of an excitation period is
calculated as follows:

 , with  . (5.52)

The following rule then determines on which side the measurement is taken:

 . (5.53)

Figure 5-18: Prediction of the system response to the cyclic excitations, 
alternating regularly between two levels.
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The alternative filter is working, at least for constant engine operating
points, as may be seen in Fig. 5-19. However, there is one drawback. The
catalytic converter system behaves as a column would in a chromatograph. It
takes a delay tdelay after a step in the injection of urea solution until the
response to the step is visible in the NOx sensor signal. This delay is a
function of the converter temperature, the space velocity, and the amount of
ammonia adsorbed on the surface of the catalytic converter. It grows with
lowering temperatures and is greatest for the surface coverage at optimal
dosage. At a converter temperature of 350 oC it is in the range of 6 seconds.
Any wrong detection of whether the exhaust gas is rich or lean due to a shift in
the phase of the sensor signal may be prevented by processing the signal in
either of two ways: Either the excitation frequency is chosen fairly low such
that the transients of the system can be observed. In this case there is little
hope that the filter could still work during dynamic test cycles. Or the delay
time is mapped. However, this would result in a considerable amount of
mapping work. This alternative filtering thus will not be an improvement. 
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5.4 Feedback Control

The task of the feedback controller is to reduce the effects of the most
detrimental sources of error, such as

• errors in the estimation of the NOx concentration,

• discrepancies between the desired and the injected amount of urea 
solution,

• errors in the estimation of the exhaust flow rate,

• deterioration of catalytic activity due to aging or poisoning,

• errors in the concentration of the urea solution.

These sources of errors are discussed in detail in [91]. Experience shows the
first two error sources to be the most harmful since they may produce fast
changing errors of up to +/-10% of the desired amount of injected urea
solution and of +/-15% of NOx concentration, respectively.

5.4.1 Prefilter

The prefilter estimates the NOx concentration downstream of the SCR
catalytic converter. In the case of a static prefilter the map depicted in the
lower window of Figure 3-8 is used to determine the possible NOx removal
rate . The setpoint value for the NOx concentration
downstream of the SCR catalytic converter amounts to

. (5.54)

When a dynamic feedforward controller with a partially inverted model is
used, a dynamic setpoint value for the NOx concentration downstream of the
catalytic converter may alternatively be calculated as follows:

 . (5.55)
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This may be implemented in the partially inverted model as indicated in
Figure 5-11.

Due to the cross-sensitivity of the NOx sensor the measured NOx
concentration is raised by additionally measured NH3. It is useful to
compensate this effect by adding 10 ppm to the output of the prefilter.

5.4.2 Feedback Controller

The feedback controller itself is a PI element, 

, (5.56)

with

 . (5.57)

The input to the feedback controller  is set to zero whenever a reliable
NOx concentration signal  is not available. Therefore, during shut-off
periods of the NOx sensor signal filtering, the feedback controller holds its
output value constant until the next window with good conditions and with a
reliable NOx concentration signal opens.

Since the errors have a multiplicative effect on the plant, the feedback
controller output is multiplied with the signal from the feedforward controller,

 , (5.58)

in order to correctly compensate for the errors.
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5.4.3 Stability of the Feedback Controller

In order to analyze its stability, the feedback control loop is modelled as
shown in Figure 5-20. It contains the elements

• feedback controller,

• a gain induced by the feedforward controller,

• the model of the catalytic converter system, with the molar ammonia 
flow  as the only input, and the NOx as well as the ammonia 
concentration downstream of the catalytic converter as its outputs, and

• a delay element and a nonlinearity, representing the NOx signal 
filtering.

The operating point chosen is at an engine velocity of 1590 rpm and an
engine torque of 800 Nm, resulting in a mean catalytic converter temperature
of 340 oC. Since this is somewhat above the minimum temperature level
needed for a reliably working NOx signal filter, any stability problems may be
expected to appear first at this level.

While the engine is working at steady-state, the feed ratio is slowly raised
and then lowered again in order to investigate the nonlinearity in the control
loop. As depicted in Figure 5-21, the detection step is located at about the
same concentration  for an increasing as well as a decreasing feed ratio.
They do not exactly hit the center of origin mainly due to delays introduced by
the NOx signal filtering. For positive concentrations the characteristic curves
differ in shape due to the storage of ammonia. 
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Figure 5-20: Feedback control loop for stability analysis.
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The feedback controller keeps working close to the detection edge, which is
located at a feed ratio of 0.9  with the operating point mentioned above.
This feed ratio is thus chosen for the stability analysis. For this investigation
the thermal part of the catalytic converter model is unnecessary and thus
cancelled. The model is linearized in the operation mode described above. The
delay time is set to six seconds, which corresponds to one and a half of an
excitation period, and thus represents the mean delay introduced by the
detection procedure. 

The limiting slopes of the nonlinearity are  and . Applying
the sector criterion as presented in [73], the stability of the feedback control
loop is proven if the Nyquist curve of the linear part of the plant  does
not enter the circle defined by the center located at  and a
radius of . This is illustrated in the Nyquist Plot in Figure 5-
22. The linear part of the plant  consists of the series of the elements
feedback controller, gain induced by the feedforward controller, reduced and
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linearized converter model, and the delay element. Its Nyquist curve is
obviously dominated by the controller. Since it enters the circle no statement
on the stability can be made. 

A minor change to the detection process is introduced, 

 , (5.59)

with  being a small, positive number. It guarantees that the detection edge
across the point of origin has a steep but finite slope as depicted in Figure 5-
23. 

In order to prove the stability of the feedback control loop modelled,  has to
be chosen %. With this choice the upper limiting line is no longer
vertical, but has a very steep slope, . The resulting circle that has
to be avoided by the Nyquist curve is . It is slightly smaller than the
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original circle, sufficiently so as not to intersect with the Nyquist curve of the
linear part of the plant and to fulfill the sector criterion. Stability is thus
proven. 

The choice of  to be as small as 0.017% suggests that the amplitude  of
the signal of the NOx sensor at the excitation frequency will hardly ever lie
within the second or third range indicated in Eq. (5.59). In an implementation
these two ranges may thus be neglected.

5.5 Combined Control Strategies

In order to obtain complete control strategies as outlined in the beginning of
this chapter, the feedforward controllers, the feedback controllers, and the
prefilters are now combined. Four strains of control strategies may be
differentiated. They differ in the feedforward control part as described in
Section 5.2:

• The S1x strategies use the purely static feedforward controller,

• the S2x strategies use the feedforward controller with the surface 
coverage estimator, while

Figure 5-23: Sketch of the altered nonlinearity, which permits the proof of the 
stability of the feedback control loop.
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• the S3x strategies comprise the model-based feedforward controller for a 
constant ammonia slip, and

• the S4x strategies work with model-based feedforward controllers for a 
constant NOx/NH3 emission ratio.

All of these strategies may be used as pure feedforward controllers, which is
shown by adding an index A, e.g., S3A. When the static prefilter is used, an
index B is added, e.g., S3B. When the strategy contains a model-based
prefilter, this is declared with an index C, e.g., S3C. This last case is possible
with the strategies S3 and S4 only, see Table 5-1. 

Table 5-1: Definition of Various Control Strategies

Note that all of the strategies are fed to the data preprocessor with the same
set of data, including a dynamic estimation of the molar NOx flow.

5.6 Control Strategies for the D45 System

The control strategy S1B is adapted from the M90 to the D45 catalytic
converter system by replacing the maps for  and . Since an
attempt to parametrize the SCR converter model for the D45 system was not
successful, a model-based feedforward controller is designed using the SCR
catalytic converter model for the M90 system, resulting in the strategy S2B*.
The filtering behavior for noise on the NOx or ammonia feed is different for

feedback control
feedforward control 

none with a static 
prefilter

with a model-
based prefilter

static feedforward control S1A S1B -

feedforward control with surface 
coverage estimator

S2A S2B -

feedforward control with constant 
NH3 slip

S3A S3B S3C

feedforward control with constant 
NOx/NH3 emission

S4A S4B S4C

αOD DeNOxOD
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the catalytic converters D45 and M90. This required the redesign of the
excitation filter. It was realized by redefining the threshold value ,
which is dependent on the converter temperature.

5.7 Discussion

5.7.1 Sensor Configuration

The control strategies discussed above are enabled by the addition of a total
of three new sensors to a commercial ECU configuration, namely the NOx
sensor and two temperature sensors. The NOx sensor is a mandatory part for
feedback control. 

One or even both of the temperature sensors, however, could be substituted
by a thermal model of the tailpipe. But changing ambient temperatures may
result in varying thermal conditions, thereby significantly influencing the
SCR process. Therefore the investment in these temperature sensors pays off,
since those disturbances are then measured and fed back to the control
strategy.

With the integration of additional sensors the SCR system could be further
improved. The measurement of the temperature, the pressure, and the
humidity of the ambient air, for instance, would allow to more precisely
estimate the NOx formation. The NOx formation model could even be
replaced by an NOx sensor upstream of the catalytic converter.

Future emission legislation is expected to set new emission levels and at the
same time mandate on-board diagnosis systems. With the NOx sensor, the
total NOx plus NH3 emission data is available. This will not allow to
determine the exact NOx removal rate. However, it enables the detection of
the efficiency of the SCR system without the need for an additional sensor.

In order to monitor the proper functioning of the SCR system, additional
data might be useful, such as a sensor for the fill level of the urea solution
container.

Φk TC( )
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5.7.2 Coordination of Engine and SCR Control

The control strategy described receives data from the ECU, but does not
interfere with the tasks running on the engine ECU. Any intervention by the
ECU to slow down the engine dynamics would help to improve the SCR
performance. However, this is not necessary and would hardly be accepted by
the operator.

The optimal control solution for the warm-up test showed a boost injection
of urea solution to be beneficial. It thus would be useful if the engine
operator’s request fo a torque increase expressed by pressing down the
accelerator pedal could be communicated to the control unit of the converter
system. Since the pedal position is already being measured and transferred to
the ECU, transferring this information to the control unit of the converter
system as well, such a boost injection of urea solution could be realized.

A very good reason for an intervention of the SCR control unit in the ECU is
the detection of an empty tank of urea solution, however. The engine system
with an NOx abatement system is tuned to emit small amounts of particles, but
large amounts of NOx. If this engine should ever be operated with the
aftertreatment system shut off, a huge amount of NOx would be generated and
emitted. In such a case, it would thus make sense if a control strategy was
activated, such as those used on engine systems without any exhaust gas
aftertreatment system, which at least would allow to meet EURO 3 emission
levels.
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CHAPTER 6

EXPERIMENTAL RESULTS AND 
DISCUSSION

The first two sections of this chapter present experimental results from the
dynamometer “Beule“. First an investigation is undertaken to ensure that the
feedback controller is working properly. Then all ten control strategies listed
in Table 5-1 are investigated using different control strategies. Unless
mentioned otherwise, all the results shown are for the M90 system. Only in
the end, the performance data obtained with the M90 system are compared
with the results achieved with the D45 system.

The third section contains the validation of the engine system model. Again,
first the feedback control loop is investigated, then a new engine test cycle is
used to test the accuracy of the model. The fourth section then describes the
performance of the catalytic converter system based on simulations with the
engine system model.

6.1 Verification of the Feedback Control Loop

Two series of experiments are run in order to verify if the feedback control
loop properly compensates any possible errors. The first series investigates
the period during which the feedback controller is activated, then the response
to disturbances is observed.

6.1.1 Time Share with Feedback Controller Working

The procedure for filtering the NOx signal requires high temperatures. It is
important to ensure that in any test cycles the amount of time is sufficient
during which the procedure as well as the feedback controller may be enabled.
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This is done by computing the empirical probability density function of the
mean converter temperature  for the test cycles. The inverse cumulative
distribution of the converter temperature is then

 . (6.1)

Since the dynamometer “Beule“ is not air-conditioned, seasonal ambient
conditions affect the temperature distribution. The resulting function 
from measurements in January and September are depicted in Fig. 6-1 for
both ESC and ETC. The additional shift towards cooler temperatures when no
preconditioning is performed prior to the test cycle is illustrated by a plot of
the temperature distribution of a cold-start ETC. 
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In the M90 system the ESC does not pose any problems to either of the NOx
sensor filters. The mean converter temperature is above 410 oC during 40%
and above 320 oC during 90% of the test duration, respectively. In the ETC,
however, these values are reduced to about 15% and 70%, respectively. The
numbers for a cold-start ETC are 3% and 50% only. That is not enough for the
fast filter to work properly. For the D45 system, with its temperature
distribution shifted to the left, a slow filter is therefore required for the same
reason.

A further reduction of the amount of time during which the feedback
controller is activated has to be accepted due to the dynamics of the test
cycles. At the beginning of any window with good conditions, the controller
has to be kept switched off for one more excitation period. As shown in Fig. 6-
3, during an ETC there are about 25 such windows, resulting in a reduction of
100 seconds when the slow filter is used. In the M90 system, this results in a
duration of 57% of the cycle, or 17.0 minutes, during which the feedback
controller may work. With the D45 system, 45% or 13.5 minutes are achieved. 

6.1.2 Monitoring Step Responses

The ability of the feedback controller to compensate for disturbances is
controlled with an artificial, step-shaped excitation  inserted in the control
algorithm where the outputs of the feedforward and the feedback controller
are multiplied,

 . (6.2)

In Fig. 6-2 the step response to a disturbance of 20% is depicted. The engine
is running steadily at 1590 rpm and 950 Nm. The feedback controller adjusts
the operation within about two minutes. The ammonia slip amounts to 0.044
mole, which corresponds to 35 ppm for a duration of 150 seconds. The
experiment is repeated with the engine running an ETC and with the D45
catalytic converter system mounted on the dynamometer. Fig. 6-3 shows some
of the results. The response to the step-wise disturbance is similar to the one
observed in the previous experiment. Due to the dynamics of the test cycle it
is slightly slower.
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injection of urea solution.
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6.1.3 Discussion

In order to achieve sufficiently long time periods during which the detection
process is reliable and the feedback control process is enabled, a slow periodic
excitation and NOx sensor filter are needed.

If it is not interrupted, the feedback controller is able to adjust to a
disturbance reasonably fast. The result depicted in Fig. 6-3 demonstrates that
even during a cycle as dynamic as an ETC the controller is able to adjust the
operating point. However, it is obvious that low converter temperatures could
prevent a proper adjustment.

6.2 Comparison of Various Control Strategies

A series of control strategies are described in Chapter 5. Their performance
records are now compared. For this purpose three different test cycles are
chosen, namely the warm-up test, the European Steady-State Cycle (ESC),
and the European Transient Cycle (ETC). A description of all the test cycles is
given in Appendix B.

6.2.1 Warm-Up Test

The warm-up test consists of a series of steps in engine torque from low to
full and back to low load, at a constant engine speed of 1590 rpm. The torque
levels are 240 and 1570 Nm, respectively. Each is held for two minutes. With
two full-low-full torque cycles the system is conditioned. The third and final
cycle is then used to determine the performance of the control strategies.

As shown in Figure 6-4, the warm-up test provokes large thermal transients,
inducing changes in catalytic activity and NH3 surface coverage in the SCR
catalytic converter. This test is therefore ideally suited to evaluate the
performance of any control strategy.
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In this series of experiments the feedforward controllers (strategies S1A, S2A,
S3A, and S4A) are investigated. Feedback controllers are used to adjust the
operating point, but then they are switched off prior to the conditioning. Fig.
6-5 shows the effects of the feedforward controllers on the amount of injected
ammonia as well as on the NOx and NH3 concentrations downstream of the
catalytic converter system during the last full-low-full torque cycle of the
warm-up test.

The step response of the static feedforward controller S1A in the top window
of Fig. 6-5 is similar to that of the experiment depicted in Fig. 4-1, which
originally motivated the modeling of the catalytic converter system. The
injection of urea solution quickly responds to the step in molar NOx flow and
overshooting. Downstream of the catalytic converter system, the NOx
emission peaks immediately after the step, followed by a phase with increased
NH3 slip, during which the NOx emission is very low. All these phenomena
are less pronounced than those shown in Fig. 4-1 for two reasons. First,
already this first control strategy relies on a dynamic estimation of the NOx
formation taking place in the data preprocessor, and second, the converter to
swept volume ratio considering the SCR catalytic converter only is 33% larger
for the M90 system than for the K69 system.
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Figure 6-4: Thermal transients during the warm-up test.
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The feedforward controller with the surface coverage observer S2A, as
shown in the second window of Fig. 6-5, causes less urea solution to be
injected into the tailpipe. This results in a decreased NOx removal and a
smaller NH3 slip. 
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S3A, and S4A (bottom), respectively.
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The feedforward controller for constant NH3 slip S3A, shown in the third
window of Fig. 6-5, is injecting even less urea solution after the increase in
engine torque than S2A did. This results in a reduced NOx removal. However,
the control strategy keeps the NH3 emission closest to the setpoint value of 10
ppm, as depicted in Fig. 6-6. The mean measured NH3 slip of all the strategies
amounts to 40, 14, 10, and 20 ppm, respectively.

The response of the feedforward controller for a constant NOx/NH3 slip
ratio, S4A, plotted in the bottom window of Fig. 6-5, starts with a boost
injection, resulting in a reduction in size of the initial NOx peak downstream
of the catalytic converter. Apart from this, the performance resembles the one
of S2A.

 

The emission ratios for all four experiments are plotted in Fig. 6-6.
Differences in the low-torque part are negligible. In the high-torque part, S1A
and S4A keep the initial peak below 40. In all experiments but the one with
S3A, soon after the step in torque, the emission ratio barely varies anymore.
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The mean emission ratios amount to 3.4, 7.0, 13, and 4.9, respectively. Note
that the tuning parameters  for S3A and  for S4A do not
exactly match the measured values, since the model of the catalytic converter
system is not perfect. The question of how the tuning parameters have to be
chosen to achieve the desired performance can be answered by experiments
only.

Compared to the feed of ammonia in the simulations of the feedforward
controllers in Section 5.2, the calculated feed of ammonia here is larger in all
experiments. The NOx removal achieved is slightly larger, too, while the
measured ammonia slip is smaller. There are differences in the transients of
the molar flows of NOx and ammonia downstream of the catalytic converter.
However, it is still possible to recognize the simulation and the measurement
results of the same strategy.

In order to compare the performances of all the control strategies listed in
Table 5-1, first the specific emissions 1 and then the NOx removal rate and the
mean NH3 slip are calculated. They are plotted in Fig. 6-7.

• The Strategy S1A achieves the highest NOx removal rate at the cost of a 
large mean NH3 slip. The additional use of a feedback controller in 
Strategy S1B results in a considerable reduction in ammonia slip, but at 
same time the NOx removal rate decreases.

• Interestingly, compared to the evaluation of the performances of the 
feedforward controllers depicted in Fig. 5-15, the strategies S2A and S4A 
did change position. Using strategy S4A now results in a higher NOx 
removal rate at a higher mean ammonia slip.

• At the same NOx removal rate, a series of model-based strategies 
achieve much lower mean NH3 slip values than S1B does.

• The model-based strategies incorporating a feedback controller all 
achieve mean NH3 slip values below 14 ppm. The target value for the 
mean NH3 slip is undershot by the Strategies S3x, while it is overshot by 
both the Strategies S2x and S4x.

1. The specific emissions are calculated according to the ETC test procedure.

cNH3 II des, , remi des,
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• The characteristic numbers NOx removal rate and mean ammonia slip 
of all the model-based strategies lie on an exponential curve. A smaller 
mean NH3 slip entails a smaller NOx removal rate. Thus, there is a 
trade-off between high NOx removal rate and low mean NH3 slip value.

Fig. 6-8 shows the transients of the feedback controller output. For better
readability, the controller outputs are scaled with the initial value. In the
beginning, the detection process is insufficient and therefore disabled.
Consequently the feedback controller does not change its output value. There
is an initial decrease in  at  = 170 s when the temperatures exceed the
shut-down limit. This is not necessarily due to the NH3 slip. Rather it is due to
the fact that for lower temperatures the detection edge of the NOx signal filter
is shifted towards a lower feed ratio. The isolated detection of an NH3 slip
provokes a wave-shaped peak in .
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The control strategies presented here are assumed to consist of a fast
feedforward controller, which handles the dynamics of the plant, and a slow
feedback controller that is supposed to compensate for disturbances. Since
there are no disturbances occurring during the short period during which the
warm-up tests are running, the output of the feedback controller  should
remain almost constant if the two components of the control strategy are well
matched. Obviously, this is true for the Strategies S2B. As expected, the
variation in  is largest for the Strategy S1B with the static feedforward
controller.

6.2.2 European Steady-State Cycle

The European Steady-State Cycle (ESC) starts with four minutes of idling,
then the operating point of the engine is changed every two minutes. As a
sample, the plot in in Fig. 6-9 and Fig. 6-10 show the temperatures and the
molar NOx flows up- and downstream as well as the molar NH3 flow
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downstream of the catalytic converter system for the ESC with Strategy S4B.
The engine as well as the SCR system were preconditioned. This includes
heating up the entire system at a steady-state operation of the engine at 1200
Nm and 1590 rpm, allowing the converter system to adsorb ammonia and
enabling the feedback controller to find its operating point. During idling at
the beginning of the ESC, most of the beneficial effect of the heating up when
preconditioning is already lost. The temperatures drop dramatically, such that
the urea injection is even stopped when the exhaust gas temperature upstream
of the catalytic converter temperature  falls below 200 oC.

Assuming steady-state conditions in all of the 13 modes of the test cycle
results in an estimation of an NOx removal rate of 85% at a mean NH3 slip of
0.031 g/kWh, which is equivalent to 10 ppm. The idle-speed operation with
no NOx reduction as well as the operating points at full load with NOx
removal rates as low as 70% cause a deterioration of the performance. This
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Figure 6-9: Temperatures up- and downstream of the converter system 
during the ESC.
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prediction is correct for the first mode. For the modes at full load, however,
due to the thermal transients the real ESC allows a better NOx removal.
Investigating a catalytic converter system, two minutes of steady-state
operation is not long enough for the tailpipe to reach thermal steady-state and
the ESC appears to be a misnomer.

The determination of the normalized emission levels 1 according to the
procedure described in the EU Guidelines [23] considers the last 30 seconds
of every operating point only. The performance data achieved with various
control strategies are listed in Table 6-1. The main result is that with various
model-based control strategies, an NOx removal rate of up to 90% is achieved
while the deviations from the target value of 10 ppm mean ammonia slip
remain small.

1. The calculation of the normalized emission levels is explained in 
Appendix B.
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converter system during the ESC with S4B.
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Table 6-1: ESC, normalized emission levels

 

control
strategy [g/kWh] [g/kWh] [g/kWh] [g/kWh]

DeNOx
[%] [ppm]

S1B 6.27 0.581 2.14 0.045 90.7 14.7

S2B 6.28 0.788 2.05 0.030 87.5 9.9

S3B 5.70 0.527 2.15 0.052 90.7 16.8

S3C 5.74 0.632 1.98 0.028 89.0 9.1

S4B 5.80 0.536 2.10 0.044 90.8 14.5

S4C 5.87 0.717 1.98 0.024 87.8 7.7
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The ESC run and analyzed according to the test procedures defined in [23]
masks the fast dynamics occurring during changes from one mode to another.
However, taking into consideration the entire duration of the test results in a
more representative determination of the performance. The results calculated
with the normalized total emissions are depicted in Fig. 6-11. Using any of the
model-based and feedback-controlled strategies results in a mean ammonia
slip, which lies in the range of 6 to 13 ppm. Apparently, the best NOx removal
results are achieved with the strategies using the feedforward controller for a
fixed NOx/NH3 emission ratio.

All the ESC listed in the tables above are run with the fast NOx sensor filter
and an output filter in the feedforward controller with a time constant of  =
0.5 s. By switching to the slower NOx sensor filter and lowering the time
constant of the output filter in the feedforward controller to  = 50 ms the
performance of the control strategies was improved. The final results are
listed in Table 6-2.

Table 6-2: ESC, normalized and normalized total emissions

6.2.3 European Transient Cycle

The European Transient Cycle (ETC) is a dynamic test cycle with a duration
of 30 minutes. It is composed of three parts, which represent the driving in an
urban area, a rural area, and on a highway. Fig. 6-12 and Fig. 6-13 show
examples of the thermal and the molar flow transients for the cycle run with
the strategy S2B. Prior to the test cycle the engine and the catalytic converter
system were preconditioned.

control
strategy

DeNOx
[g/kWh %] [ppm]

total DeNOx
[mol %]

total 
[ppm]

S2B 88.7 6.3 89.1 7.5

S4B 89.2 8.2 89.9 9.0

τOF

τOF

∅ NH3 4, ∅ NH3 4,
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The average temperature of the catalytic converter, , varies in the range of
220 to 450 oC. This allows a good NOx removal. During the stop-and-go
operation of the urban area part of the cycle, the engine and the converter
system both cool down. After 26 minutes the ETC includes a part that
functions like a warm-up test. This is where an ammonia slip is most probable
in this cycle. The last third of the ETC is characterized by a cooling down,
resulting in a poor NOx removal during the last two minutes.

A series of ETC performance results are plotted in Fig. 6-14. Baseline
experiments are run with the fast NOx sensor filter and an output filter with a
time constant of  = 0.5 s. Marked with arrows, the improvement achieved
with the control algorithms S2B, S3B, and S3C are clearly visible. All three
control strategies apply the slow NOx sensor filter and a fast output filter with

 = 50 ms. The following observations are made:

• The reproducibility of the test results is good. Differences observed are 
about 0.5% in DeNOx and 1 ppm in mean ammonia slip. Differences in 
the performance of various control algorithms tend to be larger.
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Figure 6-12: Temperature and molar flow transients in the ETC, first half.
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• The Strategies S2x perform better with the fast output filter, since it 
allows an immediate reaction whenever an ammonia slip is predicted.

• Using the fast output filter, the Strategies S3x are shifted towards higher 
NOx removal values at a slight increase in ammonia slip. The model-
based prefilter enables a better strategy than the static one.

• A fast output filter deteriorates the performance of the Strategies S4x. 
Thus, to filter the output signal of these strategies is beneficial for the 
SCR process.

• The best performance at a tolerable mean ammonia slip of 13 ppm is 
achieved with the pure feedforward control strategy S4A. The feedback 
controller has to guarantee the operation close to the optimum dosage. 
However, its interference with the feedforward controller and the shift 
of the detection edge towards lower feed ratios with lower mean 
catalytic converter temperatures prevents the achievement of a top 
performance.
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Figure 6-13: Temperature and molar flow transients in the ETC, second half.
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The deterioration of the NOx removal in a cold-start ETC is due to an
insufficient temperature level in the beginning of the cycle. It takes about
eight minutes until the temperature levels in the catalytic converter system
approach those of the preconditioned ones. As a consequence there are delays
in the start of the injection of urea solution and in turning on the NOx sensor
filter. Furthermore, without a preconditioning, the feedback controller is tuned
such that it starts with a low output in order to guarantee a conservative
dosage with a suboptimal NOx removal and a small ammonia slip. It yet has to
find its operating point during the cycle. Nevertheless, in various cold-start
ETCs, an NOx removal of 75% was achieved at a mean ammonia slip of less
than 10 ppm.
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6.2.4 Tests with the D45 System

After a considerable number of experiments were necessary with the M90
system it was quite easy to reparametrize the control algorithms for the D45
system. Apart from the time-consuming mapping, which was done earlier, just
the NOx signal filter as well as the feedback controller had to be
reparametrized.

The results of two ESC tested with the D45 catalytic converter system are
shown in Table 6-3. With both strategies the mean ammonia slip is kept below
the target value of 10 ppm. The model-based strategy achieves a significantly
better NOx removal. This is due to the fact that the feedforward and the
feedback controller are matching well.

Since the Strategy S2B* performs well, despite the use of the model for the
M90 SCR converter, the working principles of both converters are obviously
similar. They differ at low temperatures, where the D45 is able to profit from
thicker catalyst layers, which results in an enhanced NOx removal at a low
ammonia slip. In combination with the model-based feedforward controller,
which prevents the forced refilling with ammonia at low temperatures, the
system is more tolerant to warm-up situations than the M90 system. This is
not the case with a static feedforward controller. This controller fully uses the
significantly higher storage capacity of the extruded catalytic converter,
taking the risk of causing considerable ammonia slip.

Table 6-3: ESC, normalized and normalized total emissions

control
strategy

DeNOx
[g/kWh %] [ppm]

total DeNOx
[mol %]

total 
[ppm]

S1B 85.9 7.8 88.7 9.5

S2B* 91.0 4.4 91.8 5.7

∅ NH3 4, ∅ NH3 4,
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Table 6-4 shows the results from the ETC. The purely static control strategy
S1B achieves an even higher NOx removal in this dynamic cycle. Obviously,
the dynamics in engine operation within this cycle prevent the system from
running into a situation that would lead to any significant ammonia slip.

Table 6-4: ETC, normalized emissions

The catalytic converter system D45 achieves a better performance than the
M90 system. The advantage is more pronounced in the ETC than in the ESC,
where only the use of the M90 model as a part of the D45 feedforward
controller guarantees the achievement of a better performance. The thermal
inertia of the D45 system is larger, resulting in slower thermal transients and,
as depicted in Figure 6-1, a catalytic converter temperature distribution shifted
towards low temperatures. Due to thicker catalyst layers, noise in NOx and
NH3 is filtered better than with the M90 system.

This comparison of an extruded monolith and a coated metallic honeycomb
used as SCR catalytic converters is an intermediate assessment only. The
technology to manufacture monoliths is about 30 years old. The coating of
honeycombs, however, was successful only recently, and it will very probably
see further improvements yet.

6.2.5 Discussion

With all the model-based control strategies, very promising NOx removal
rates at an acceptable level of ammonia slip are achieved. Each of these
strategies has its own single tuning parameter. The time constant of the output
filter in the feedforward controller  obviously represents an additional
tuning parameter.

control
strategy

DeNOx
[%] [ppm]

S1B 93.4 6.2

S2B* 92.7 4.4

∅ NH3 4,

τOF
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In order to reduce the size of the NOx emission peak, the Strategies S4x start
in warm-up test-like situations with a boost injection. This proves the
prediction in Section 4.1.5 to be correct. The reduction is 50% with respect to
the other model-based strategies. The gain in the overall performance is small,
however.

For later implementation in a mobile application there are various
candidates. Which strategy finally will be chosen is a matter of taste.

6.3 Validation of the Model of the Engine System

In this section, the results of the simulation with the model of the engine
system are compared with experimental results from the dynamometer in
order to validate the model of the engine system.

6.3.1 Filtering Behavior of the Catalytic Converter Model

As shown in Section 5.3, the filtering behavior for noise in the feed ratio was
found to be a key property of an SCR catalytic converter. This motivates this
first validation experiment consisting of a ramp in the dosage of urea solution
during which the periodic excitation is switched on and the feedback
controller is shut down. The engine is running at 1590 rpm and with a torque
of 650 Nm, resulting in a mean catalytic converter temperature of 340 oC. The
results of the simulation of this experiment and of the measurement are
contrasted in Fig. 6-15. In this picture, the ramp in injected urea solution starts
at t = 30 s and ends 300 seconds later.

The simulated amplitude  of the NOx sensor signal at the excitation
frequency is clearly lower than the one calculated on the dynamometer. One
reason for this behavior might be the lack of noise from the engine model. On
the dynamometer, especially on the NOx mass flow, noise additionally excites
the catalytic converter system.

Φk
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The location of the detection edge undergoes a minor shift. The shape of the
transient of the filtered NOx sensor signal  to the right of the detection
edge is smoother in the simulation. Close to optimal dosage conditions, this is
due to the overestimated ammonia slip and, at a higher dosage, to a smaller
amount of ammonia adsorbed on the catalyst. 

The model for the catalytic converter system shows a filtering behavior
similar to that observed on the dynamometer. The calculated amplitude 
decreases. The characteristic curve of the excitation filter thus needs to be
reshaped. The model of the engine system is then ready for the investigation
of control strategies for the catalytic converter system, which include a
periodic excitation and an excitation filter.

6.3.2 Validation with the Wheel Loader Cycle

The wheel loader cycle represents a typical use of a wheel loader. As
described in Appendix B.2.2, it consists of ten working cycles, during which
the wheel loader is moving forward, the shovel takes material and is lifted, the
wheel loader moves backwards, and finally drops the material and drives back

cSi filt,

0 100 200 300 400
0

1000

2000

3000

Φ
k [

-]

meas
sim

0 100 200 300 400
-400

-200

0

200

400

c S
i,f

ilt
 [

pp
m

]

time [s]

meas
sim

Figure 6-15: Validation of the filtering behavior for noise in the feed ratio.

Φk



6.3 Validation of the Model of the Engine System 149

to the starting position. Each working cycle takes 25 seconds. Before and after
a series of ten working cycles the wheel loader’s engine idles at 1000 rpm for
30 seconds.

One characteristic of the wheel loader cycle is the change from low load at
low speed to high load at high speed, as depicted in Fig. B-4 in the Appendix.
Another one is the driving style of a good wheel loader pilot, who hardly ever
exceeds 80% of the full-load characteristics of his vehicle. The wheel loader
cycle was chosen for the validation of the engine system model due to these
load-collective characteristics that are different from the characteristics of the
cycles used for the parametrization of the engine system model.

 

The simulation as well as the validation experiment on the dynamometer are
run with the SCR control strategy S3C.
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In the Fig. 6-16 and Fig. 6-17 the dynamics of the simulated and measured
cold-start wheel loader cycle are compared. In the beginning of the cycle the
temperature  is slightly overestimated, while the exhaust gas mass flow,
which is not shown, as well as the molar flow of NOx downstream of the
engine are quite accurate for the entire cycle. As soon as the temperature 
reaches 200 oC the urea injection is switched on. This happens in the
simulation just a few seconds later than in the experiment. The dynamics of
the temperature  as well as the NOx emission of simulation and experiment
match well. The ammonia slip is overestimated, but still on a low level.

The NOx removal rate in the simulation amounts to 49.5% at a mean
ammonia slip of 7.5 ppm. The experiment resulted in 52.4% at 0.7 ppm.
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6.4 Simulation with the Engine System Model

Based on the results gained in the validation above, the engine system model
is judged to be a representative model and will now be used for simulation of
experiments that could not be run on the dynamometer. They are focussing on
the investigation of disturbances. For all the experiments in this section, the
temperature of the ambient air is identical with the intake air temperature.
This means that the system no longer is simulated to be in a dynamometer, but
rather that it is mounted on a vehicle. The control strategy used in this series
of simulations is S2B.

6.4.1 Instant Change in the Intake Air Conditions

When on a hot summer day a vehicle is suddenly driven into a thunderstorm
with heavy rain, the conditions of the engine intake air jump from hot and dry
to cooler and wet. These sudden changes are simulated while the engine is
running steadily at 1590 rpm and 1120 Nm. At t = 100 s the air humidity
jumps from 10 to 90%. At the same instance the air temperature drops from 30
to 20 oC. At t = 400 s the reverse change is occurring. The emission
transients of a simulation are depicted in Fig. 6-18. Note the typical shape of
the injected molar ammonia flow that results from the superposition of the
controller output and the periodic excitation.

The effect of the change in the condition of ambient air on the engine output
are a rise in exhaust gas mass flow of 6.9%, a drop in NOx mass flow of 13%,
and a drop in exhaust gas temperature of 22 oC.

The controller of the catalytic converter system detects the rise in exhaust
gas mass flow. However, it is not able to detect the drop in NOx mass flow.
That is why it first reacts in the wrong direction by enhancing the injection of
urea solution, which in turn leads to an ammonia slip. Then, within two
minutes, the feedback controller brings the system back to its working point.
A certain swing behavior results from the feedback controller, which tries to
attain the desired NOx concentration. This concentration, however, is located
on the detection edge of the excitation filter. The fact that it never lets the
feedback controller reach it results in the swinging.
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The response of the system to the change of the ambient air conditions back
to the initial values is proceeding similarly. The final transients to the working
point are slower, since the feedback controller input is smaller.

6.4.2 Partial Plugging of the Injection Nozzle

The next disturbance is a plugging of 20% of the injection nozzle for urea
solution a t = 100 s and a deplugging at t = 400 s. It affects only the
catalytic converter model; the engine model remains untouched. This
disturbance has the same effect as instant changes in the concentration of the
urea solution would have.

The step responses are plotted in Fig. 6-19. The effect on the transients in the
NOx emission and the ammonia slip are similar to the effect observed in the
previous simulation. This time, however, the disturbance affects the periodic
excitation as well. The excitation is less intensive, resulting in a shift of the
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detection edge towards a lower feed of urea solution and a lower NOx removal
rate. Obviously, in spite of this plugging, the control strategy is able to adjust
the working point of the SCR system.

6.4.3 Influence of the Ambient Air Temperature

Changes in the ambient air temperature affect both the engine as well as the
catalytic converter system. A series of simulations of the ETC are run for a
constant ambient air temperature in the range of -20 to 40 oC. A number of
results are depicted in Fig. 6-20.

As expected, an increase in the ambient air temperature shifts the inverse
cumulative temperature distribution towards higher temperatures, enabling a
larger amount of time with an activated feedback controller and thus
enhancing the reliability of the SCR.
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The resulting NOx removal rate for = -20 oC is 55% only. The rate
increases as  rises. Top rates are above 90%. At the high end of the
ambient air temperatures investigated, however, the NOx removal rate starts to
decline. The mean ammonia slip in all the simulations is in the range of 30 to
55 ppm. The largest ammonia slip is simulated at  = 10 oC.
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CHAPTER 7

SUMMARY AND CONCLUSIONS

7.1 Performance of the Catalytic Converter Systems

The SCR catalytic converter systems presented in this work contain the
following hardware components: an injection device for urea solution with a
fast response, a highly active SCR catalytic converter, and an NOx sensor.
Final tests were run with two different SCR systems containing either
extruded monolithic converters or coated metallic honeycombs, both with a
total converter to swept volume ratio of 2.0.

With various model-based control strategies for the injection of urea
solution, the promising results obtained in static tests can be achieved in
dynamic tests as well. In both ESC and ETC test cycles, NOx removal rates of
90% were achieved at a mean ammonia slip of 10 ppm.

If desired, tuning parameters would allow to aim for other setpoint values for
the ammonia emission. This in turn affects the NOx removal rate, due to the
trade-off between the NOx removal rate and the ammonia slip.

The results achieved are not restricted to the use of urea solution as a
reductant. Preferably this is a medium that is injected by a quick-responding,
reliable device.

7.2 Elements of the Control Strategies

The control strategies consist of various elements. Each of them contributes
to a good performance of the exhaust gas aftertreatment system.
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• The data preprocessor receives data from the engine control unit and 
from temperature sensors placed up- and downstream of the SCR 
catalytic converter. It dynamically estimates the molar NOx flow 
emitted by the engine.

• The feedforward controller contains a model of the catalytic converter 
system. It is either used to estimate the converter temperature and the 
amount of stored ammonia, and subsequently to reduce the injection of 
urea solution if necessary, or, by partial model inversion, it is used to 
directly calculate the desired amount of urea solution to be injected.

• The feedback controller has to compensate for disturbances and to 
guarantee the operation of the converter system as close to the setpoint 
value as possible. 

• In order to implement a feedback controller an NOx sensor is used. 
While it seems to tolerate the harsh environment of a tail-pipe, it is 
cross-sensitive against NH3. Using the properties of the converter 
systems, the application of a detection procedure allows the separation 
of the NOx from the NH3 signal and the generation of almost linear 
sensor characteristics. This in turn allows to design an effective 
feedback control loop. The drawbacks of the detection procedure are its 
need for sufficiently high converter temperatures and a slight 
deterioration of the NOx removal rate.

The control strategies are designed in accordance with to the procedure
shown in Figure 7-1. It starts with a given hardware setup, including the
engine and the catalytic converter system. The converter system consists of
the SCR catalytic converter, the injection device, an NOx sensor downstream
of the converter, as well as two temperature sensors placed up- and
downstream of the converter. At the beginning of the design procedure, the
NOx removal capacity of the SCR catalytic converter system should be known
approximately in order to tune the engine as fuel-efficiently as possible. First,
the engine and the catalytic converter have to be mapped, then the dynamic
elements of the control strategy are designed. While the design is an iterative
process, there are no difficulties involved due to the knowledge acquired
beforehand. This procedure basically works for all types of catalytic
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converters. While the proposed catalytic converter model structure was not
suited for extruded monolithic converters, it proved to represent the converter
behavior of both coated cordierite and metallic honeycombs very well.

7.3 Test Cycles

The various control strategies are tested using both the European Steady-
State Cycle (ESC) and the European Transient Cycle (ETC). Switching off the
urea solution injection whenever the exhaust gas temperature either up- or
downstream of the SCR catalytic converter drops below 200 oC prevents the
formation of ammonia nitrate (NH4NO3) and keeps the converter from
adsorbing significant amounts of ammonia or storing the ammonia nitrate.
Neither of the two test cycles unduly challenge model-based controllers. Due
to the slow thermal transients in the tailpipe, the ESC no longer should be
considered to be a steady-state cycle. In both cycles, the temperatures
measured are rather low for SCR. One rather simple remedy might be to
insulate the tailpipe.

The system behavior in SCR-relevant specific situations is investigated with
two additional tests:

• The quality of the feedforward controller is verified with the warm-up 
test. In the first part of this test, the SCR catalytic converter is allowed 
to adsorb a large amount of ammonia at a low converter temperature 
just above 200 oC, whereas in the second part, after a step in engine 
torque, the increased NOx flow consumes more ammonia while the 
rising temperature triggers the release of ammonia and accelerates the 
reaction rates.

• The capability of the feedback controller to compensate for disturbances 
and prevent the emission of large amounts of NOx as well as NH3 has to 
be verified by simulating the disturbances on the dynamometer. This 
may be done by varying the humidity of the combustion air or the 
concentration of the urea solution. 
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Figure 7-1: Design of the control algorithm for a SCR catalytic converter 
system.
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7.4 Mean-Value Models

Various mean-value models are presented in this work. 

• First a detailed model of a SCR catalytic converter system incorporating 
a cordierite honeycomb-type SCR converter and a pre-oxidation 
converter, which allows the investigation of intrinsic SCR converter 
behavior.

• Second, a simplified SCR catalytic converter model of just the 
necessary complexity to capture the dynamics of an SCR catalytic 
converter. It is used in the engine system model and to design 
feedforward controllers.

• Third, the entire dynamometer is modelled in order to enable the 
simulation of new driving cycles, changing ambient conditions, and 
alterations to the converter system. It may also be used to investigate 
further control strategies.

7.5 Financial and Environmental Points of View

Assuming that an engine operated with a EURO 3 tuning is retrofitted with
an SCR system and is then retuned such that it achieves EURO 4, the fuel
savings may reach 8%. As a rule of thumb, for one liter of urea solution
consumed for SCR, the engine burns 20 liters of diesel fuel. Since urea
solution is cheap, the initial cost of an SCR system will be much higher than
its maintenance and refilling costs. Assuming an initial investment of 3000
Euro to equip a truck with an SCR system, an average fuel consumption of
100 liters per day and a fuel price of 1 Euro/liter, the investment pays for itself
in just 375 days. Considering the average lifetime of such engines, the
investment in an SCR system thus is economically sound.

A truck equipped with an SCR system would still run when all the reducing
agent is used up. There is no stringent need for a refill. However, if such a
situation were to cause the parameters of the engine control unit to switch
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from an SCR-optimized set to an traditional one, which was optimized for raw
emission levels, the fuel saving forfeited would motivate a refilling of the
reducing agent.

Summarizing the results reported in Johnson [43], Farshchi [21],
Gabrielsson [26], and van Helden [95] as well as results obtained here, the
effects of a retuned engine equipped with an SCR catalytic converter system
on emission levels are as follows: Due to the fuel savings, the carbon dioxide
emission is lowered by 8%. The oxidizing property of the SCR converter
reduces particulate matter by 5 to 25% and hydrocarbons by 80 to 90%, while
the level of carbon monoxide emission is increased by 0 to 25%. The nitrous
oxide emission is reduced by 75 to 90%.

The most significant secondary emission is ammonia. With an advanced
control strategy, a mean ammonia emission level as low as 10 ppm is
achievable. A further reduction of the ammonia emission could be achieved
by placing an additional small SCR catalytic converter downstream of the
converter system investigated. With the converter design used in this work,
the emission of the most important intermediate product in urea
decomposition, namely isocyanic acid, is negligible. At catalytic converter
temperatures above 450 oC nitrous oxide, a strong “greenhouse” gas, is
formed by ammonia oxidation. In dynamic cycles such temperature levels are
rarely reached. An easy way to limit nitrous oxide emission would be to
reduce or even shut down the injection of reducing agent if the threshold
temperature of 450 oC should ever be exceeded.

SCR systems are thus promising exhaust gas aftertreatment systems that
again allow a fuel-efficient tuning of diesel engines, while at the same time
reducing pollutants. They could considerably contribute toward easing the
most severe atmospheric problems such as summer smog and acid rain, as
well as toward a slow-down of the greenhouse effect.
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Appendix A

Operation of the PSI Ammonia 
Analyzer

The working principle of the Ammonia Analyzer developed at the PSI is
sketched in Figure A-1. 

Figure A-1: Working principle of the ammonia-plus-isocyanic-acid analyzer.

Liquid /

Waste

Waste
Waste

Sample gas

Aqueous buffer

Ammonia-sensitive electrodes

solution

NaOH
solution

HCl
solution

Pump for constant

60” @ 60 oC

gas-phase
separator

Waste

2)

1)

for the measurement of
1) NH3
2) HNCO + NH3

volume flow



162 Operation of the PSI Ammonia Analyzer

A constant volume flow of probe gas is sucked through the analyzer.
Isocyanic acid (HNCO) and ammonia (NH3) dissolve in an added buffer
solution, which contains equimolar amounts of NaH2PO4 and NaHPO4. The
pH value of the buffer solution is 7, preventing the hydrolization of the
isocyanic acid. A part of the absorption solution is alkalized by addition of
sodium hydroxide (NaOH) solution. The ammonia concentration is
determined by an ammonia-sensitive electrode. For the measurement of the
sum of ammonia and isocyanic acid the absorption solution is acidified with a
diluted hydrochloric acid (HCl) solution, hydrolyzing isocyanic acid to
ammonium ions ( ) and carbon dioxide:

 . (A.1)

Then, the sum of ammonia and isocyanic acid is determind after alkalizing
with sodium hydroxide solution. The calibration is performed with an
ammonia calibration gas.

The analyzer is operated as follows. From a storage bottle 1.0 ml/min
absorption solution is added to the probe gas (60 lN/h) in the gas sampling unit
by a peristaltic pump and transferred to the gas separator via a Teflon tube (  ~
1 m,  = 1.2 mm). The ammonia gas and the isocyanic acid are dissolved in
form of ammonia ions (NH3(aq.)) and cyanate ions (OCN-) in the absorption
solution. From the gas separator a part of the flow (0.45 ml/min) is taken for
the measurements. The excess solution flows to the demister, where it is
sucked off by a peristaltic pump (0.55 ml/min). The remaining probe gas is
dried with silica gel. The solution from the gas separator is worked up for the
determination of ammonia and the sum of ammonia and isocyanic acid.

In the following the functionality is described for the measurement of
ammonia and isocyanic acid. For the determination of ammonia alone, the
addition of hydrochloric acid and the hydrolyzation step are dropped.

At a feed rate of 0.45 ml/min, absorption solution is pumped from the gas
separator to a mixer, where 0.25 ml/min 0.3-m-HCl is added. The
concentration of the HCl is such that a 0.1 molar acid solution is formed. The
solution is heated to oC within 1 min, while flowing through the
hydrolyzing unit. All isocyanic acid is completely converted to ammonia ions.

NH4
+

HNCO H
+

H2O+ + NH4
+

CO2+→

l

di

60 5±
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In a second mixer 0.25 ml/min 0.75-m-NaOH is added, resulting in a
0.1 molar OH concentration. This alkalization is necessary since the
ammonia electrode can only measure free ammonia (NH3), but not
ammonium ions ( ). This solution is transferred to the electrode via a steel
capillary with an inner diameter  of 0.5 mm.

While measuring steady-state concentrations, the analyzer is linear in its
range of application with an accuracy better than 5%. The limit of detection is
about 0.5 ppm. While measuring dynamically, the analyzer suffers a delay of
60 to 75 seconds, depending on the length of the sample line. Phenomena like
adsorption and desorption of ammonia on the surfaces and the diffusion into
the components of the analyzer as well as the electrode cause a filtering of the
signal. For the analyzer used on the dynamometer "HarDi" these dynamics
were modelled as follows:

 . (A.2)

This analyzer does not allow the measurement of fast changes in ammonia
concentration. However, if the SCR system is properly designed and well
controlled, the dynamics of the ammonia concentration downstream of the
catalytic converter system are as slow as those of the analyzer, or even slower.
Furthermore, the measurement of the total amount of ammonia by this method
is quite accurate.

NH4
+

di

CNH3 measured, s( )

CNH3 probe, s( )
------------------------------------------ 0.00378

s 0.06+( ) s 0.07+( )
------------------------------------------------ 0.0002

s 0.002+
----------------------+=
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Appendix B

Test Cycles

For illustration purposes all the test cycles used on the dynamometer
“Beule“ are shown in Figure B-1 through Figure B-4.

B.1 European Test Cycles

The European Steady-State Cycle (ESC) as well as the European Transient
Cycle (ETC) are described in detail in [23]. There, the cycles are described in
scaled form. Thus, prior to any new test period the test engine’s full load
characteristics have to be measured and the cycles have to be generated by de-
scaling the operation points in the case of the ESC and the transients for the
engine speed and torque in the case of the ETC. The cycles used on the
dynamometer “Beule“ are depicted in Figure B-1 to Figure B-3.

First, correction factors are defined in order to consider changing ambient
conditions in the calculation of engine emissions and to enable a fair
comparison with emission caps. These factors are used to calculate
normalized emissions from the measured emissions. They are determined
with respect to the humidity of the air  [%], the air pressure  [Pa] and
temperature  [K]. An important intermediate information is the water
content of the air , indicated in gram water per kg air,

 , (2.1)

with  being the saturation vapor pressure of water in air.

Note that the correction factors are not the same for the ESC and the ETC.

x0 p0

T0

H0

H0

622x0pss T0( )
100p0 x0pss T0( )–
--------------------------------------------=

pss
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Figure B-1: European Steady-State Cycle as run on the dynamometer 
“Beule“.
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B.1.1 European Steady-State Cycle

The operation points of the ESC are idle speed (1) and twelve in the speed-
torque plot precisely defined points (2 to 13). They are completed with a
series of three control operation points (I to III) that are arbitrarily chosen
from within the field defined by the points 2 to 13 by the testing operator, as
depicted in Figure B-1.

The ESC correction factor is defined to be 

 , with (2.2)

 , and  . (2.3)

For  the dry air mass flow has to be used.

B.1.2 European Transient Cycle

The ETC is a dynamic cycle. By definition, it would have to include phases
tested with external accelerating torque. The dynamometer “Beule“, however,
did not allow that test since it is equipped with a hydraulic brake. The
dominant engine speed in this cycle is about 1600 rpm.

The ETC correction factor for diesel engines is defined to be 

 . (2.4)

The ETC as it was run on the dynamometer “Beule“ is shown in Fig. B-2
and Fig. B-3.

kESC
1

1 A H0 10.71–( ) B T0 298–( )+ +
--------------------------------------------------------------------------------=

A 0.309
mdi

*

mair
*

---------- 0.0266–= B 0.209–
mdi

*

mair
*

---------- 0.00954+=

mair
*

kETC
1

1 0.0182 H0 10.71–( )–
---------------------------------------------------------=
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B.2 Additional Test Cycles

During the work on the dynamometer the need for new test cycles arose. 

B.2.1 Warm-Up Cycle

The warm-up cycle consists of a series of steps in engine torque at a constant
engine speed. At an engine speed of 1590 rpm, the torque level is switched
every two minutes between the ESC operation point 8 (1570 Nm) and a point
below ESC operation point 9 (240 Nm). This provokes large temperature
transients, which strongly affect the converter’s SCR activity and capacity to
store ammonia. The warm-up cycle is thus an effective test for the quality of
control strategies for the injection of urea solution. 
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Figure B-2: First half of the ETC as run on the dynamometer “Beule“.
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B.2.2 Wheel Loader Cycle

The wheel loader cycle was chosen for its load collective that is very
different from the load collective during an ETC. The cycle consists of ten
working cycles, during which the wheel loader is moving forward, the shovel
loads material and is lifted, the wheel loader moves backwards, drops the
material, and drives back to the starting position. Each working cycle takes 25
seconds. Before and after a series of ten working cycles, the wheel loader’s
engine idles at 1000 rmp for 30 seconds. 

The upper half of Fig. B-4 shows just the first two working cycles. The
typical engine charge of a wheel loader becomes clearly visible in the speed-
torque plot below.
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Figure B-3: Second half of the ETC as run on the dynamometer “Beule“.



170 Test Cycles

 

800 1000 1200 1400 1600 1800 2000 2200

0

500

1000

1500

M
ex

t [
N

m
]

n
eng,des

 [rpm]

full-lo
ad characteristics 

of th
e engine 

trace of the 
wheel loader cycle 

Figure B-4: Wheel loader cycle as run on the dynamometer “Beule“.
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Appendix C

Composition of Urea Solution and 
of Urine

A frequently asked question when discussing this work with laymen
concerns the difference between urine and urea solution, and whether it would
be possible to replace the urea solution by urine.

Urea is a by-product of the chemical industry. In agriculture urea is
commonly used as a fertilizer. 

Urea solution used for SCR very often is a eutectic solution, a colorless
liquid containing 32.5 mass-% of urea. According to [21] it is alkaline, with a
density of 1085 kg/m3 at 15 oC, and a freeze point of -11.5 oC.

Urine, on the other hand, is a metabolite. A healthy man of average size
produces a daily volume of 1.0 to 1.5 liter. Pschyrembel [80] describes the
composition of urine as follows: 

organic part: urea 20 g

creatinine 1.2 - 1.8 g

total protein content < 150 mg

albumin < 30 mg

amino acids 800 mg

uric acid 500 mg

glucose 70 mg
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Comparing a eutectic urea solution with urine:

• The concentration of urea in urine is 16 times lower than in eutectic urea 
solution.

• Urine contains a lot of additional components, such as 3.5 to 11.7 g/ liter 
of sodium chloride, which might harm the catalytic converter.

• Assuming a typical number of hours a truck is on the road, and
considering that for 20 liter diesel fuel about one liter of urea solution is
needed, the poor driver would hardly be able to supply enough
“reducing agent”. 

The brief answer to the question if urine could replace the urea solution is
thus: No, it cannot. However, the feedback controller could handle the
variation in the concentration of urea solution, should anybody ever want to
try to add a contribution.

ionic composition: sodium 60 - 200 mmol

potassium 30 - 100 mmol

calcium 2.5 - 6.0 mmol

magnesium 1 - 10 mmol

ammonium 30 - 40 mmol

chloride 120 - 240 mmol

phosphate 15 - 30 mmol

sulfate 18 - 22 mmol
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