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Abstract

Three-Way Catalytic Converters (TWC) have been in use for theexhaust gas
aftertreatment of spark-ignited engines for more than two decades now. During
this period, emission limits enforced by legislation in Europe and elsewhere
have been roughly cut in half every five years. In addition to these limits,
regulations were introduced, which make the persistent monitoring and the in-
dication of malfunctions of the exhaust gas aftertreatmentsystem including the
sensors compulsory.

In order to meet the stringent regulations, various concepts have been devel-
oped which not only aim at the stoichiometric control of the raw exhaust gas
entering the TWC, but also at internal states of this device, usually the oxygen
storage level. Often, the stored oxygen is estimated from the information pro-
vided byλ sensors which are located upstream and downstream of the TWC.
Problems arise frequently because the sensor signals are considerably distorted
by hydrogen. The hydrogen concentration of the raw exhaust gas from the en-
gine can be predicted quite accurately using static functions or maps. However,
its production and/or oxidation in the TWC is a highly dynamicprocess, which
changes both with the engine operation point and over the TWC’s lifetime.

In this thesis, an observer-based control and diagnosis concept has been de-
veloped, which not only accounts for the oxygen storage dynamics of the TWC,
but also predicts the hydrogen concentration in the exhaustgas and its distortion
of theλ sensor signals.

In order to identify the mechanisms driving the compositionof the most im-
portant exhaust gas species in terms of legislation and sensor signal distortion,
a detailed 1-D model of a TWC has been derived, which reflects the dynamical
behaviour during low-frequencyλ excitations very well. It has been found that
during rich engine operation, i. e., with excess fuel, the TWCis deactivated
by the adsorption of hydrocarbons. This leads to a significant decrease of the
water-gas shift and steam-reforming activities, which in turn changes the ratio
between hydrogen, carbon monoxide, and hydrocarbons, independently of the
air-to-fuel ratio. This effect is more pronounced with an increased ageing level
of the TWC.

The influence of the exhaust gas composition on the response of a switch-
typeλ sensor, which is usually located downstream, has been investigated by
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means of a detailed process model, including diffusion effects and reaction
kinetics both on the electrodes and the electrolyte. It has been found that under
rich engine operation, the sensor response is mainly drivenby the chemical
potential of the hydrogen and carbon monoxide oxidation, rather than by a
shortage of oxygen in the exhaust.

From the process models, a simplified control-oriented model for the TWC
and theλ sensors has been deduced, which accounts for the deactivation and
oxygen storage dynamics, the temperatures, and the concentrations of oxygen,
carbon monoxide, and hydrogen with their influence on the switch-typeλ sen-
sor. The model very well reflects the behaviour of both the TWC and the sensor
in a wide range of operating points and ageing levels. A procedure has been
developed which allows an automated calibration of the model using measure-
ments obtained from an engine with standard production-type sensor equip-
ment.

The control-oriented model has been incorporated in an extended Kalman
filter. This filter allows the online estimation of the oxygenstorage levels and
the storage capacity, the latter being used for diagnosis purposes. Thus, it is
persistently adapted to the changing dynamics of the TWC due to ageing. The
filter performed robustly and reliably, such that storage capacities of differently
aged converters could be identified within a few hundred seconds with arbitrary
initial values.

An LQ regulator with an integrator extension has been designed to control
the levels of the stored oxygen. The regulator can be tuned with mainly two
parameters, by means of which the balance between the conversion rates of
oxidising and reducing species can be adjusted and the signal energy of the
control signal can be altered, the latter being closely related to the conversion
rates of carbon monoxide and nitric oxide. The controller has been tested in
FTP cycles with frequent fuel cut-offs. As compared to a simple λ control con-
cept, the conversion rates of the species limited by legislation were improved
and stabilised for ageing levels ranging from considerablyaged to fresh. The
integrating extension of the controller was demonstrated to master the estima-
tion of the offset of the wide-rangeλ sensor located in the raw exhaust, which
is valuable for the diagnosis of this device.
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Zusammenfassung

Dreiwegekatalysatoren für die Abgasnachbehandlung von Ottomotoren werden
nun seit über 20 Jahren eingesetzt. Während dieser Zeit wurden die Emissions-
grenzwerte innerhalb und ausserhalb Europas ungefähr allefünf Jahre halbiert.
Neben den Grenzwerten wurden auch Vorschriften erlassen, welche die per-
manente Überwachung des Abgasnachbehandlungssystems unddie Anzeige
allfälliger Fehlfunktionen zwingend erfordern.

Um den strengen Anforderungen gerecht zu werden, wurden Konzepte ent-
wickelt, welche neben der Regelung des Luft/Brennstoffgemisches am Eingang
des Katalysators auch dessen interne Zustände, wie zum Beispiel den Füllstand
des Sauerstoffspeichers einbeziehen. Normalerweise wirddie Menge des ge-
speicherten Sauerstoffs aus den Lambda-Sensorsignalen vor und nach dem Ka-
talysator berechnet. Oft ergeben sich jedoch Probleme, weil die Sensoren durch
den Einfluss des Wasserstoffs stark gestört werden. Die Wasserstoffkonzentra-
tion im Rohabgas des Motors kann relativ genau mit statischen Funktionen oder
Kennfeldern bestimmt werden. Die Oxidation bzw. Produktion im Katalysator
ist jedoch ein dynamischer Prozess, welcher sich sowohl in Abhängigkeit des
Motorbetriebspunktes als auch der Katalysatoralterung ändert.

Im Rahmen dieser Abhandlung wurde ein Konzept für die Regelung und
Diagnose von Dreiwegekatalysatoren entwickelt, welches nicht nur die Sauer-
stoffspeicherdynamik einbezieht, sondern auch die Wasserstoffkonzentration
und deren Einfluss auf die Lambdasonden berücksichtigt.

Um die Mechanismen zu identifizieren, welche die Zusammensetzung der
wichtigsten Abgaskomponenten in Bezug auf die Gesetzgebung und den Ein-
fluss auf die Sensorsignale beeinflussen, wurde ein detailliertes 1-D Modell
eines Dreiwegekatalysators hergeleitet, welches das dynamische Verhalten wäh-
rend tieffrequenter Anregungen durch das Luft/Brennstoffverhältnis sehr gut
abbildet. Es hat sich herausgestellt, dass der Dreiwegekatalysator durch die
Adsorption von Kohlenwasserstoffen beim fetten Betrieb, d.h. mit Brennstoff-
überschuss, deaktiviert wird. Dadurch wird die Aktivität der Wasser-Gas-Shift-
und der Steam-Reforming-Reaktionen stark reduziert, was einen erheblichen
Einfluss auf das Verhältnis zwischen Wasserstoff, Kohlenmonoxid und Koh-
lenwasserstoffe zur Folge hat. Dieser Effekt verstärkt sich mit zunehmender
Alterung des Katalysators.
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Der Einfluss der Abgaszusammensetzung auf eine Zweipunkt-Lambdasonde,
welche normalerweise hinter dem Katalysator eingesetzt wird, wurde anhand
eines detaillierten Prozessmodells untersucht. Dabei wurde die Diffusion so-
wie die Reaktionskinetik and den Elektroden und am Elektrolyten berücksich-
tigt. Es zeigte sich, dass das Sensorsignal beim fetten Betrieb hauptsächlich
vom chemischen Potential der Wasserstoff- und Kohlenmonoxidoxidation be-
einflusst wird und nicht von einer allfälligen Sauerstoffknappheit im Abgas.

Ausgehend von den detaillierten Prozessmodellen wurde einvereinfachtes
Katalysator- und Sondenmodell für Regelzwecke abgeleitet. Dieses berück-
sichtigt die Deaktivierung, die Sauerstoffspeicherdynamik, die Temperaturen
und die Konzentrationen von Sauerstoff, Wasserstoff und Kohlenmonoxid so-
wie deren Einfluss auf die Spannung der Zweipunkt-Lambdasonde. Das Mo-
dell widerspiegelt das Verhalten des Katalysators und der Sensoren sehr gut
über einen weiten Bereich von Motorbetriebspunkten und Alterungsstufen. Es
wurde ein Verfahren entwickelt, welches eine automatisierte Parametrierung
des Modells aus Messungen eines Motors mit Standardsensorik ermöglicht.

Anhand des vereinfachten Modells wurde ein erweitertes Kalmanfilter ent-
wickelt. Dieses schätzt die Füllstände des Sauerstoffspeichers und die Speicher-
kapazität im laufenden Betrieb. Letztere kann für Diagnosezwecke verwendet
werden. Damit wird das Modell ständig an die fortschreitende Alterung des
Katalysators angepasst. Das Filter wurde an verschieden stark gealterten Ka-
talysatoren mit unterschiedlichen Startwerten für die Schätzung der Speicher-
kapazität getestet. Diese konnte in allen Experimenten zuverlässig und robust
innerhalb weniger hundert Sekunden ermittelt werden.

Für die Regelung der Sauerstofffüllstände wurde ein LQ-Regulator mit Inte-
grator-Erweiterung ausgelegt. Dieser kann hauptsächlichmit zwei Parametern
eingestellt werden. Der erste Parameter beeinflusst die Balancierung zwischen
den Konversionsraten reduzierender und oxidierender Gaskomponenten. Mit
dem zweiten Parameter wird die Energie des Regelsignals justiert, welche eng
mit den Konversionsraten von Stickstoffoxid und Kohlenmonoxid zusammen-
hängt. Der Regler wurde im FTP-Zyklus mit häufigen Schubabschaltungsse-
quenzen getestet. Die Konversionsraten der gesetzlich limitierten Abgaskom-
ponenten konnten im Vergleich zu einer reinenλ = 1 Strategie generell für
stark gealterte bis hin zu frischen Katalysatoren verbessert und stabilisiert wer-
den. Es zeigte sich, dass die Integratorerweiterung des Reglers für die Schät-
zung des Fehlers der Lambda-Weitbereichssonde im Rohabgasverwendet wer-
den kann. Dies ist eine wertvolle Information für die Diagnose dieser Sonde.
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1 Introduction

At the turn of the 19th century the door towards individual mobility was opened
with the start of the mass production of automobiles. Duringthe 20th century,
the number of gasoline-driven cars increased from a few thousand to several
hundred million on the planet. By the year 2000, approximately 500’000’000
passenger cars were registered world-wide1. This dramatic increase, which is
expected to continue at least for the next three decades, is accompanied by
a corresponding growth of pollutants in the atmosphere, since almost every
vehicle is driven by an internal combustion engine. Becausethese pollutants
affect both the environment and the human health in many unpleasant ways,
it became clear during the second half of the 20th century that measures had
to be taken to reduce the levels of the emissions to tolerablelimits. Soon it
became apparent that the improvement of the combustion in gasoline engines
alone was not sufficient to reach the desired emission levels. Therefore, exhaust
gas aftertreatment systems were introduced, which are capable of completing
the combustion by means of catalysts, thus reducing the levels of undesired
emission components to very low concentrations.

1.1 Main Pollutants in the Exhaust of
Gasoline Engines

Ideally, the emissions of an internal combustion engine only consist of carbon
dioxide (CO2), water (H2O), and nitrogen (N2), when it is operated at stoi-
chiometry. Under lean operation, i. e., with excess air, additional oxygen (O2)
is emitted. Under rich operation, i. e., with excess fuel, mainly additional car-
bon monoxide (CO) and hydrogen (H2) arise.

In reality, the combustion is never complete, since the air-to-fuel mixture is
not entirely homogenous. Thus, the gasoline is not entirelyburned, resulting
in carbon monoxide (CO), hydrogen (H2), and hydrocarbon (HC)2 emissions.

1see e. g. hypertextbook.com/facts/2001/MarinaStasenko.shtml
2The correct chemical expression for unburned hydrocarbons is CxHy . For simplicity, the term

HC will be applied throughout the thesis. Notice that here, only the compounds containing hy-
drogen and carbon are considered. In reality, other carbon-containing compounds are emitted,
as well. However, they are not considered in this thesis. Theterm HC refers both to the singular
and plural form.
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Figure 1.1: Measured concentrations of NO, CO, HC, H2, and O2 in the raw exhaust gas
of a port-injected spark-ignited engine versus the air-to-fuel ratioλ. The measurement
data have been obtained on the testbench described in Chapter2.

Since the combustion in the cylinder occurs at high temperatures, oxides of
nitrogen (NO, NO2 and very little N2O) are generated, as well. Their formation
is highly dependent on the operating condition of the engine. In the following,
they will be collected in the term NOx. All the emissions mentioned occur
simultaneously, at any operable air-to-fuel ratio. Figure1.1 shows a typical
example of the exhaust gas composition of a commercial type spark-ignited
engine at different air-to-fuel ratios.

1.1.1 Carbon Monoxide (CO) and Hydrocarbons (HC)

Carbon monoxide is an odourless and colourless gas. Since itexhibits a higher
affinity to haemoglobin than oxygen, it is very toxic. It blocks the supply of
oxygen to the body tissue, thus leading to suffocation. A concentration of a few
thousand ppm is already fatal. Carbon monoxide is generatedwhen the com-
bustion occurs under oxygen-deficient conditions. Thus, COis mainly gen-
erated when rich air-to-fuel mixtures are burned. However,even under lean
conditions, CO occurs because of incomplete combustion.

The group of unburned hydrocarbons (HC) contains many compounds con-
sisting of carbon and hydrogen. The most important groups are alkanes, alkenes,
alkynes, and aromatics. Molecules which only contain single hydrogen-carbon
bonds, i. e., the alkanes, are called “saturated”. Alkenes and alkynes are un-
saturated. Hydrocarbons consist mainly of partially oxidised fuel molecules.

2



1.1 Main Pollutants in the Exhaust of Gasoline Engines

However, few molecules arise from unburned fuel, such as benzene (C6H6). In
addition to the hydrocarbons, oxygenates occur also, i. e.,organic compounds
containing oxygen, such as formaldehyde (HCHO). Usually their fraction is
low as compared to the HC concentration.

Like CO, HC occur under rich operating conditions, i. e., when excess fuel
is present. Additionally, they occur when the combustion islocally disturbed
or hindered. This can for example be caused by the cylinder geometry, by
quenching of the flame or by absorption of fuel in the oil [47]. Alkenes and
alkynes are slightly sweet smelling, whereas alkanes are odourless. Many HC
cause coughing, drowsiness or even have a narcotic effect. Benzene is toxic
and carcinogenic. It is believed that internal combustion engines in cars are the
cause of about 80% of the benzene in the atmosphere. Apart from the direct
impact on the human health, some HC such as alkenes react withNOx in the
atmosphere to form secondary pollutants such as tropospheric ozone and pho-
tochemical smog. Ozone in turn has again a significant impacton the human
health, affecting the respiratory tract.

1.1.2 Hydrogen (H 2)

Hydrogen is not a real pollutant. It is not toxic and has no significantly malign
effect on the atmosphere. Therefore, it is not regulated by legislation. However,
it has a very strong impact on theλ sensor signals, as will be shown in this
thesis. Its very high agility as compared to other species and its considerable
chemical activity are the causes of these sensor signal distortions.

1.1.3 Nitrogen Oxides (NO x)

Nitrogen Oxides mainly occur in the form of nitric oxide (NO)and nitrogen
dioxide (NO2). Nitrous oxide (N2O) only occurs in small amounts in the raw
emissions of an internal combustion engine. However, the concentration may
increase in a three-way catalytic converter under certain circumstances. Nitro-
gen dioxide is reddish-brown with a pungent smell and toxic,damaging the
lung tissue. Already small concentrations of around 1 ppm are harmful. Ni-
tric oxide is odourless and colourless and relatively harmless, as compared to
NO2. Both NO and NO2 play an important role in the formation of acid rain,
photochemical smog and the depletion of the ozone layer. Nitrous oxide is an
important greenhouse gas. Usually, the fraction of NO in theNOx emissions of
a gasoline engine is well above 98%. Therefore, only NO will be considered,
the other nitrogen oxides will be neglected in this thesis.
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Table 1.1: Limits according to the Californian LEV II emission standards.

Standard NMOG CO NOx HCHO
g/mile g/mile g/mile g/mile

LEV 0.090 4.2 0.07 0.018
ULEV 0.055 2.1 0.07 0.011
SULEV 0.010 1.0 0.02 0.004

The limits are valid for the first 100’000 miles [35], [9].

1.2 Legislation

The introduction and development of exhaust gas aftertreatment systems is cer-
tainly a major success in the automobile industry. The reduction of pollutants
has led to a considerable improvement of the air quality, especially in urban
areas. However, this effort was of course connected with substantial costs and
investments and would have hardly been taken without fierce legislative action.

The United States were the first to introduce very stringent limits for exhaust
gas components as a response to the severe air pollution in urban areas. In
Los Angeles for example, the smog was worse in 1955 than in Mexico City
today [11]. As a consequence, Congress passed the Clean Air Act Amendments
of 1970. Originally, a 90% reduction of HC, CO, and NOx emissions over
uncontrolled levels was required within six years. However, these limits turned
out to be too stringent for an implementation in the given time frame and the
deadlines had to be postponed. Finally, all gasoline drivenpassenger cars in
the U.S. had to meet the tight limits by the model year 1983. The general path
towards a substantial reduction of the emissions was being kept and improved
continuously.

With the Clean Air Act Amendments of 1970, the State of California was
authorised by Congress to introduce its own motor vehicle emission control
programme [11]. After that, California took the lead in emission control legis-
lation and worked in a way as a “proving ground” for very stringent exhaust gas
limits. Table1.1shows the emission limits according to the California LEV II
emission standards for passenger cars. These standards will be phased in from
2004 to 2010. As for the hydrocarbons, only the non-methane organic gases
(NMOG) are limited. Unlike in the European standards, also formaldehyde
(HCHO) emissions are limited. The positive experience in the U.S. soon made
Japan and Europe introduce the use of automotive catalysts,the latter in 1986
[90]. The emission standards in Europe are covered by the directives 93/59/EC
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1.2 Legislation

Table 1.2: Limits according to the European emission standards.

Standard HC + NOx HC NOx CO
g/km g/km g/km g/km

EURO I (1992) 0.97 2.72
EURO II (1996) 0.50 2.2
EURO III (2000) 0.2 0.15 2.3
EURO IV (2005) 0.1 0.08 1.0

The year of introduction is indicated in parentheses [35], [9].

and 96/69/EC for EURO I/II, and by 98/69/EC for EURO III/IV standards,
respectively. The emission limits according to these standards are shown in
Table1.2. In Europe, the total HC are limited, whereas there are no rules for
formaldehyde. Under EURO I and EURO II, only the sum of the HC and NOx

was limited.
In order to obtain comparable and reproducible conditions for emission mea-

surements, special driving cycles have been developed, where the vehicle speed
and load, the gear shift events, the braking, idle, and standstill phases as well
as the ambient conditions, such as the temperature, pressure, and humidity are
exactly defined. In the U.S. the FTP 75 (Federal Test Procedure) is one exam-
ple. Its duration is approximately 20 minutes with a break of10 minutes, where
the engine is shut off. It contains three sections, which areset up from real ve-
hicle speed profiles. These have been recorded during the morning rush hour
in Los Angeles [9]. Today, there exist additional cycles for emission testing
in the U.S. (SC03, US06), which also cover aggressive driving, different speed
transient patterns, engine startup, engine shut-off phases and the operation of
the air conditioning system. The vehicles have to pass both the FTP 75 and
the SFTP (Supplemental FTP) tests. The latter is a combination of the FTP 75,
SC03 and the US06 cycles.

In Europe, the ECE 15 (Economic Commission for Europe) + EUDC(Extra
Urban Driving Cycle) driving cycles are applied for emission testing. The for-
mer is a synthetic cycle covering mainly urban driving with low vehicle speed,
low engine load and low exhaust gas temperatures. The latteris an extension
which also covers aggressive driving with speeds of up to 120km/h. With
EURO III, a40 s engine warm-up period, where no emissions were measured,
has been eliminated. Thus, emissions are measured from the beginning of the
cold-start under EURO III and IV. This new cycle is also referred to as NEDC
(New European Driving Cycle). Some characteristic figures of the mentioned
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Table 1.3: Characteristic figures of different driving cycles [35], [9].

Cycle FTP75 SC03 US06 ECE 15 EUDC
Distance [km] 17.87 5.76 12.87 4.05 6.96
Duration [s] 1877 594 600 780 400
Average speed [km/h] 34.1 34.9 77.3 18.7 62.6
Max speed [km/h] 91.2 88.2 129.2 50 120.0

cycles are listed in Table1.3.
Not only the driving cycles per se are important and subject to legislation

nowadays, but also the ambient conditions and the monitoring during a vehi-
cle’s lifetime. Additional issues are addressed in the latest exhaust gas regula-
tions, such as

• Cold-Start Conditions
Cold-start conditions are now set to−7◦C, to which the system has to
be conditioned before the test starts. The air-to-fuel mixture is enriched,
i. e., more fuel is injected during startup in order to build up the wall
film. Since the combustion is rather inefficient in a cold engine, large
amounts of HC are emitted during this phase. Additionally, the exhaust
gas aftertreatment system works efficiently only after catalyst light-off3.
More stringent cold-start conditions thus force the optimisation of the
startup of both the engine and the aftertreatment system during which
most HC are emitted.

• Onboard Diagnosis
All relevant parts in the exhaust gas aftertreatment system, such as the
λ sensors or the catalytic converter, as well as exhaust-relevant malfunc-
tions such as misfire, have to be monitored and a malfunction has to be
indicated to the driver.

• Evaporative Emissions
Evaporative emissions occur from gasoline which evaporates directly
from the tank and from leakages in the gasoline supply system. These
emissions are measured during increasing ambient temperatures with
open windows and hood (SHED test).

• Durability of the exhaust gas aftertreatment system
Emission levels have to be kept during at least 80’000/100’000 km (EU)

3Catalyst light-off is reached when at least 50% of the HC are converted.
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or 50’000/100’000 miles (U.S. LEV II). Additionally, field monitoring is
ensured by testing the emissions of a vehicle in certain timeperiods.

1.3 Three-Way Catalytic Converters

The tight limits for emissions described above cannot be reached by optimisa-
tion of the combustion in the engine alone. Ideally, i. e., with a perfect combus-
tion, the exhaust gas only consists of nitrogen, carbon dioxide, and water, when
the air-to-fuel ratio is stoichiometric. Real combustion is never complete, i. e.,
the exhaust gas leaving the cylinder has not reached the chemical equilibrium.
Theoretically, this equilibrium can be reached without anyadditional treatment,
however only very slowly, i. e., within days or weeks. Therefore, a catalyst4 is
used, which accelerates this process such that the state of the exhaust gas comes
close to the equilibrium before being released to the atmosphere. With the lat-
est figures of the legislation (EURO IV of SULEV), the catalyst has to reach
conversion efficiencies of more than 96% for the CO, HC, and NOx during
more than100′000 km!

The most common aftertreatment device for gasoline enginesnowadays is
the three-way catalytic converter (TWC). It is named after its ability to promote
the following three chemical reactions simultaneously:

CxHy +
(

x +
y

4

)

O2 → xCO2 +
y

2
H2O (1.1)

CO +
1

2
O2 → CO2 (1.2)

CO + NO → CO2 +
1

2
N2 (1.3)

The activity of the three reactions and thus the reduction ofthe HC, CO, and
NOx significantly depends on the air-to-fuel ratioλ. Throughout this thesis,λ
is defined as follows:

λ =
2yCO2

+ yCO + 2yO2
+ yNO + yH2O

2yCO2
+ 2yCO + yH2

+
(

2x + y
2

)

yCxHy
+ yH2O

(1.4)

whereyi denotes the mole fraction of the speciesi. Thus,λ is 1 in a stoichio-
metric mixture. A value above one indicates a lean mixture, i. e., excess O2 and
NOx, whereas a value below one indicates a rich mixture with excess CO, HC,
and H2. In order to oxidise the CO and HC, a strategy with a stoichiometric or

4The term “catalyst” was first used by the Swedish Chemist Berzelius. A catalyst is a substance
which alters the rate of a chemical reaction but remains chemically unchanged.
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Figure 1.2: Measured conversion rates of NO, CO, and HC versusλ in a thermally aged
TWC.

lean operation is necessary. However, under lean operation, the reaction (1.2)
is dominant over (1.3). It is therefore necessary to operate the engine very close
to stoichiometry, i. e., withλ = 1. Figure1.2shows the conversion efficiencies
of NO, HC, and CO as a function ofλ. As can be seen, only very close to
stoichiometry all three components can be reduced significantly.

The design of TWCs nowadays not only aims at the promotion of the reac-
tions described above, but also of the water-gas shift and the steam-reforming
reactions. In the former reaction, water oxidises the carbon monoxide to pro-
duce carbon dioxide and hydrogen. In the latter process, thehydrocarbons are
oxidised accordingly. Chemically, the two reactions are formulated as follows:

CO + H2O ↔ CO2 + H2 (1.5)

CxHy + 2xH2O ↔ xCO2 + (2x +
y

2
)H2 (1.6)

The role of these two reactions will be focused on in more detail in Chapter3.
It will be shown that the promotion of these reactions significantly changes
with the ageing of the TWC. This leads to a substantial change of the hydrogen
output of the TWC over its lifetime, which has a strong impact on λ sensors
located downstream of the converter.

Figure 1.3 illustrates an example of the structure of a three-way catalytic
converter. The core is a monolith (cordierite or metal), which is also called
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substrate or carrier. On the monolith the washcoat is deposited. The washcoat
is a layer of oxide ceramic, mainly alumina with a certain percentage of ceria
added. Ceria is widely used because of the stability of its surface area, its
reversibility of sulfur poisoning and its rapid kinetics ofoxygen storage and
release [95]. Hence, the TWC can store and release considerable amounts of
oxygen. The washcoat is very porous in order to increase the area between the
gas phase and the catalyst. The actual catalytically activematerials are precious
metals, such as platinum, palladium, and rhodium, which lieon the washcoat.
Additionally, some stabilisers are used, which slow down the thermal ageing
process. The exact composition and structure of a three-waycatalytic converter
is usually a secret well guarded by the manufacturer. The topic of catalyst
composition and design shall not be discussed in this thesis. More information
on the history, design, and composition of TWCs can be found in[90] or [38].
In order to reduce the emissions as demanded by legislation,the TWC has to
be operated in a very tight window around stoichiometry, seealso Figure1.2.
This requires an accurate control of the air-to-fuel ratioλ, which can only be
achieved with an electronic fuel injection system. A typical setup of aλ control
system is shown in Figure1.4. The controller consists of two paths. In the
feedforward path, the injected fuel mass is calculated fromthe air mass entering
the cylinder. Thereby, the dynamics of the intake manifold have to be taken
into account, since the air mass flow meter measures the air mass entering the
intake manifold, rather than the one entering the cylinder.Because the fuel is
injected onto the wall of the inlet duct and the intake valves, the dynamics of
the evaporation have to be considered as well, in order to obtain an accurate
estimate ofλ in the cylinder. The actualλ is measured at the outlet of the
cylinder. This signal is used by a feedback controller to correct the amount of
injected fuel that was estimated by the feedforward controller. Notice that this
correction is multiplicative, not additive, as probably expected. The reason for
this can be explained as follows: The feedback (sensor) signal provides the air-
to-fuel ratio. The controller only calculates a correctivesignalFλ relative to the
current air mass in the cylinder. WhenFλ is multiplied, the amount of injected
fuel is automatically adjusted to the current air mass flow. This control structure
has been thoroughly investigated and is well documented in the literature, see
e. g. [9] or [86].

Because of the different dynamics of the air and the fuel paths, temporary ex-
cursions of the air-to-fuel ratio occur, especially duringfast transients, such as
aggressive acceleration or braking of the vehicle. Even themost sophisticated
λ controllers cannot maintain the air-to-fuel ratio in a range where the TWC
conversion rate is optimal. Today’s TWCs are able to store a certain amount of
oxygen. This oxygen storage allows to buffer a temporary shortage or surplus
of oxygen in the exhaust gas. For this purpose, the oxygen storage level has to
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Figure 1.3: Structure of a TWC. Reprinted with permission of the Umicore AG.

be controlled in a way which allows optimal conversion ratesof the TWC, even
during transient operation.

Apart from the oxygen, other species are stored in the TWC, leading to a
complex transient behaviour. This means that the conversion rate of the TWC
is not only dependent on the air-to-fuel ratio of the inlet gas, but also on the
catalyst state, which is determined by the temperature and the storage levels
of the different species. As will be shown, a high oxygen storage level can
inhibit the NO conversion. Another very important effect isthe TWC deac-
tivation by other species, which changes the composition ofthe exhaust gas
significantly. This is very important when exhaust gas sensors downstream of
the TWC are used for diagnosis and control purposes, since thesignals of these
sensors can be considerably distorted by the changes of the exhaust gas compo-
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Figure 1.4: Sketch of theλ control system with the following components: 1 Air mass
flow meter; 2 Throttle; 3 Intake manifold; 4 Fuel injection valve; 5 Spark plug; 6λ sen-
sor upstream; 7 TWC; 8λ sensor downstream.

sition. Above all, the TWC changes its transient behaviour during its lifetime
because of ageing. This can occur by poisoning, i. e., a deactivation of the
catalytic activity by components such as sulfur or oil additives. Another form
is thermal ageing, which leads to sintering of the porous catalytically active
material and the loss of dispersion of the noble metal. Both ageing phenomena
lead to a reduced catalytically active surface.

1.4 Scope of this Thesis

The goal of this thesis is to develop a control strategy for the TWC in order to
maintain the required conversion rates under all operatingconditions through-
out the TWC’s lifetime. This includes permanent monitoring of the parameters
which are relevant for the TWC dynamics as well as an adaptation algorithm
which accounts for the changing of these parameters during the TWC’s life-
time. The diagnostics of TWCs, i. e., the link between the monitored parame-
ters and the actual conversion efficiency of the TWC is only discussed briefly.

Control-oriented TWC modelling often addresses mainly the oxygen storage
dynamics. In this thesis, also the deactivation of the TWC by reducing species
is discussed. This plays an important role for the dynamics of the ratio between
HC, CO, and H2 downstream of the TWC. This ratio significantly influences
the λ sensor signals. This impact, especially on the switch-typesensors, is
thoroughly investigated. Additionally, a method is presented which allows the
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adaptation of the controller to the changing dynamics of theTWC because of
ageing.

The setup of the addressed system corresponds mainly to the one shown in
Figure1.4. Thus, only port-injected spark-ignited engines are discussed. This
thesis focuses on the use of a wide-rangeλ sensor upstream and a switch-type
λ sensor downstream of the TWC. In addition to the sketched system, it is as-
sumed that a temperature sensor for the raw exhaust gas or at least an accurate
estimate is available. Auxiliary systems such as secondaryair injection, can-
ister purge, exhaust gas recirculation, turbochargers or other devices are not
discussed. Only the air-to-fuel ratio or rather the amount of injected fuel is
considered as an actuator. The spark advance and dwell angles are not taken
into account as additional degrees of freedom.

Modern exhaust gas aftertreatment systems consist of two TWCs in the ex-
haust path. Mounted close to the engine, the close-coupled device is designed
for fast light-off in order to minimise the hydrocarbon emissions which arise
during warmup. It is usually reasonably small and robust against the thermal
stress occurring close to the engine. The underfloor catalyst is mounted further
downstream. It is larger in volume and often designed to efficiently remove
the NOx emissions. This thesis only covers aspects of the close-coupled TWC.
The extension of the concept to systems with two TWCs is straightforward.

The thesis is divided into a process modelling part (Chapters 3 and 4), a
control-oriented modelling part (Chapter5) and a control part (Chapter6). The
Chapters are structured as follows:

In Chapter3, a detailed process model of the TWC is developed in order
to gain insight into its dynamic behaviour. Here, the focus is on the oxygen
storage and the deactivation dynamics. It is shown how thesedynamics drive
the transients of the most important exhaust gas components, especially the
ones which contribute to the sensor output downstream of theTWC.

Chapter4 focuses on theλ sensors. A detailed process model of the switch-
type sensor is developed in order to obtain a thorough understanding of its
working principle and also of the advantages and difficulties of its use. The
wide-range sensor is addressed shortly in the second part ofthis chapter. It
is demonstrated that the signal can be significantly distorted. It is further dis-
cussed why the switch-type sensor is preferred downstream of the TWC.

Based on the process models, a control-oriented model of theTWC and the
λ sensors is presented in Chapter5. The TWC model accounts for both the
most important dynamics and the exhaust gas components which mainly drive
or distort the sensor signals. The sensor model considers the influence of the
exhaust gas components provided by the TWC model. Based on thesimpli-
fied model, an extended Kalman filter is developed which allows the online
estimation of the relative oxygen level in the TWC, the deactivation, and the
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oxygen storage capacity. These quantities are crucial for both the control and
the diagnosis of the TWC.

The state observer allows the use of a model-based controller of the TWC.
This is presented in Chapter6. Different strategies are discussed which address
various issues of combinedλ and TWC control. An LQ controller with an
integrator extension is developed which not only accounts for the TWC control
but also estimates the offset of the wide-rangeλ sensor located upstream of the
TWC. Apart from the controller, the question of the setpoint management in
terms of emission-optimal operation is discussed, as well.

Finally, some conclusions are drawn and an outlook with recommendations
for future research is presented.

All measurements presented throughout this thesis have been performed on
the engine test bench of the Measurement and Control Laboratory at ETH
Zürich. A description of this test bench with all the measurement devices and
sensors is given in Chapter2.
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2 Engine Test Bench

All measurements presented in this thesis have been performed on the engine
test bench of the Measurement and Control Laboratory at ETH Zürich. This
test bench is equipped with an AUDI V6 30V engine with a displacement of
2.8 litres. The power output is142 kW at 6000 rpm. The engine is connected
to a highly dynamic direct current generator which can be runin speed or torque
controlled mode. A detailed description of the setup can be found in [73] and
[88]. The generator can be run in all operating conditions, i. e., it can be used
both to brake and to drag the engine, for example to emulate the use of the
engine as a brake. Thus, driving cycles such as the FTP cycle (cf. Section1.2)
can be run on the test bench. The FTP cycle measurements presented in this
thesis are based on chassis dynamometer measurements at theRobert Bosch
GmbH, where the engine speed and the throttle angle were recorded during
a test on a vehicle equipped with the same engine. The vehicleused for the
recording had a manual transmission, which leads to a frequent occurrence of
fuel cut-offs during deceleration periods. Figure2.1 shows a comparison of
the recorded (setpoint) and the actually obtained engine speed and throttle an-
gle during a significantly transient period of the FTP cycle.The agreement of
the signals is excellent, which shows that the conditions occurring in the cycle
can be emulated well. A major advantage of this procedure is the very accu-
rate reproducibility of the driving cycle. This facilitates the comparison of the
different control strategies for the three-way catalytic converter. In order to en-
hance this reproducibility, also the trigger for the fuel cut-off has been recorded.
Thus, fuel cut-offs always occur at the same time in all cyclemeasurements.

In its present configuration, the engine is not equipped withany turbocharger
or exhaust gas recirculation. The camshaft timing and the intake manifold vol-
ume may be varied, but this has not been used in any experimentpresented
here.

The test cell is not air conditioned, which leads to slightlyvarying ambi-
ent conditions, depending on the time of the year. Usually, the ambient tem-
peratures during the measurements are between25 ◦C and35 ◦C. Ambient
pressure and humidity only vary little. Since no cold start experiments were
conducted, no special attention was paid to the ambient conditions.

The engine has two exhaust gas lines which are completely separated. Each
line is equipped withλ sensors and three-way catalytic converters and is con-
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Figure 2.1: Comparison of the setpoints with the actual values of the throttle angle and
the engine speed between170 s and180 s. Notice that the time scale differs from the
original FTP cycle because data recording starts prior to the actual cycle.

trolled independently. The experiments presented here have been performed on
one exhaust gas line, only.

2.1 Engine Control System

For the engine control system a rapid prototyping system from DSpaceTM has
been used. It contains the controllers for the air-to-fuel ratio and the igni-
tion, the data acquisition system and the setpoint maps for the throttle and
dynamometer speed controllers. The complete system runs ata sampling fre-
quency of1 kHz.

The pulses for the injection and ignition are generated by anin-house de-
veloped chip, ICX 3, see [41]. The ICX 3 receives updates of the injection
angle, the ignition duration, the dwell and the spark advance angles from the
DSpaceTM system at a rate of1 kHz. Being connected to an incremental en-
coder (resolution0.025◦) and the camshaft sensor, the engine crank angle is
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exactly known. Thus, accurate timing for the injection and the ignition pulses
is possible. These pulses are sent to the power amplifier for the injection valves
and the spark coils. Hence, the ICX 3 allows the separation ofthe engine’s
crank angle domain and the control system’s time domain. In addition to the
described features, the ICX 3 also provides a very accurate signal of the engine
speed and the crank angle position. More details on the control system can be
found in [61].

Unless stated otherwise, an air-to-fuel ratio controller has been used, which
was developed at the Measurement and Control Laboratory at the ETH Zürich.
A sketch of the air-to-fuel ratio controller is depicted in Figure1.4 in the pre-
vious chapter. It consists of a feedforward path, which accounts for the intake
manifold and the wall-wetting dynamics. A detailed description can be found
in [61]. The feedback controller accounts for the dynamics of the engine and
the λ sensor. It is described in e. g. [86]. The ignition (dwell and spark ad-
vance) angles are calculated from maps, depending on the operating point of
the engine.

The throttle position is controlled by an external nonlinear extended PID
controller of the Robert Bosch GmbH. The setpoint can be adjusted manually
or from the DSpaceTM system, e. g. to run driving cycles, see also Figure2.1.

In all experiments, gasoline with a rather low sulfur content (17 wtppm) has
been used. It is therefore assumed throughout the thesis, that sulfur only plays
a minor role here for the TWC dynamics.

A considerable set of sensors is mounted on the engine. The ones which
are relevant for the experiments in this thesis will be described in detail in the
subsequent sections.

2.2 Exhaust Gas Measurements

The engine testbench is equipped with fast exhaust gas measurement devices.
The concentrations of NO, total HC, CO, CO2, H2, O2, H2O, and N2 could be
measured with a response time (T90) of well below100 ms. The measurement
devices are described in detail further below.

Measurements have been performed upstream and downstream of the close-
coupled TWC. The NO, HC, CO, and CO2 concentrations could be measured
simultaneously on both sides of the TWC. For the other components, which
were obtained from the mass spectrometer, only one channel was available. A
setup of the TWC with the mounted exhaust gas-, temperature- and λ sensors
is depicted in Figure2.2.

Most components could not be obtained directly from the measurements. A
postprocessing procedure was necessary for all components, except for the HC.
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Figure 2.2: Pictures of the close-coupled TWC with mounted sensors. Left-hand side:
view from the TWC outlet, right-hand side: View from the side, exhaust gasflow direc-
tion from left to right. Legend: 1/2 - upstream/downstream NO, 3/4 - upstream/down-
stream HC, 5/6 - upstream/downstream CO/CO2, 7 - downstream mass spectrometer,
8/9 - upstream/downstream temperature, 10/11 - upstream/downstream wide-rangeλ,
12 - downstream switch-typeλ.

This is further discussed in the following subsections, where the measurement
devices are described. The postprocessing procedure including an error calcu-
lation is presented in AppendixA.

2.2.1 NO: Cambustion fNOx 400

Nitric oxide was measured with a Cambustion fNOx 400. This device was
originally developed at the Measurement and Control Laboratory at the ETH
Zürich, see [8]. The measurement principle is chemiluminescence, where the
light emission from NO reacting with ozone is collected and measured by a
photo-multiplier. The very compact design with thin heatedsample capillaries
and analysers mounted close to the measurement probe results in an extremely
short response time of the sensor, which is well below10 ms, including both
the transport delay and the time constant.

The analyser provides an NO concentration signal of the wet exhaust gas.
However, calibration was done with dry calibration gas, which consisted of
1000 ppm NO in N2. Hence, the quenching effect of the water which slightly
hinders the chemiluminescence reaction has to be accountedfor. Additionally,
quenching by the CO2 also influences the signal. The total quenching effect is
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0.7% per 1% water concentration and 0.3% per 1% CO2 concentration.1

The NO concentration in the calibration gas used for the NO measurements
had a relative accuracy of±2%, i. e.,±20 ppm. The linearity of the device
is ±1% of full scale to5000 ppm NO [28]. The total maximum error of the
uncorrected NO signal was assumed to be±100 ppm at all levels of NO. No-
tice that only the NO concentration has been measured, all other forms of NOx
have been neglected.

2.2.2 HC: Cambustion HFR 400

For the measurement of the hydrocarbons, a Cambustion HFR400 fast FID 400
was used. The measurement principle is flame ionisation detection. It exploits
the phenomenon that ions are produced when hydrocarbons areburned. The
number of these ions is roughly proportional to the number ofthe carbon atoms
in the HC compounds. In the FID, the exhaust gas enters a hydrogen flame,
which by itself only produces very few ions. Hence, the ions detected by the
sensor stem from the hydrocarbons in the exhaust gas. The design is similar to
the NO analyser, which again results in very short response times of less than
10 ms.

The FID exhibits different sensitivities for the various hydrocarbon com-
pounds. However, the most important components (low valuedalkanes and
alkenes) all have relative sensitivities close to 1. This factor was chosen for
all HC. The device contains no drier, i. e., the total wet concentrations are
measured directly. Therefore, no postprocessing of these measurements was
necessary.

The calibration gas used for the measurements consisted of1000 ppm CH4

in N2 with a relative accuracy of±2%, i. e.,±20 ppm. The device exhibits
a precision of±2% and a drift of±2% of full scale per8 hours [27]. The
complete maximum error of the HC signal was assumed to be±50 ppm at all
levels.

2.2.3 CO/CO2: Horiba MEXA 1300 FRI

Carbon monoxide and dioxide concentrations were measured with a Horiba
MEXA 1300 FRI. This device uses the nondispersive infrared analysis method
(NDIR). This method exploits the fact that each molecule absorbs infrared rays
of a specific wavelength range. Thereby, the absorbtion intensity is proportional
to the concentration of this molecule in the gas.

1Dr. M. Peckham, Cambustion Limited, personal communication.
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The design of the device is quite compact. The sensor is mounted approxi-
mately1 m from the tip of the probe. The exhaust gas is dehumidified before
entering the measurement chamber. All this leads to a response time of30 ms
with a transport time delay from the probe to the sensor of70 ms.

Since concentrations of the dried exhaust gas are measured,postprocessing
of the data is necessary to obtain the absolute concentrations of the wet gas.
Thereby, it is assumed that the exhaust gas is saturated at5◦C, to which it is
cooled in the dehumidifier.

The calibration gas used for the measurements consisted of 10% CO and
14% CO2 in N2 at a relative accuracy of±2%, i. e.,±0.2% CO and±0.28%
CO2, respectively. The precision of the device is±1%. It exhibits a linearity
of ±1% and a drift of±2% per hour, all of the full scale [49]. All accuracies
are provided by the manufacturer, which certainly include considerable safety
factors. Tests revealed an excellent reproducibility of the signal levels, even
after 24 h. Therefore, the overall maximum error of the (dry) CO and CO2

signals was assumed to be250 ppm for CO and1000 ppm for CO2 at all levels.

2.2.4 H2/O2/H2O/N2: Pfeiffer Omnistar

For the measurement of H2, O2, H2O, and N2 a mass spectrometer Omnistar
of Pfeiffer was used. This device uses quadrupole mass spectrometry to obtain
the concentrations. The gas components are ionised in a vacuum chamber with
a pressure of approximately 10−6 mbar. They are accelerated such that all ions
have approximately the same speed. Then, they have to pass anelectrical field
generated by a quadrupole, where the two opposite poles havethe same poten-
tial. With the potentials imposed on the poles, the current of the ions passing
the quadrupole can be focused such that only ions with a specific mass/charge
ratio pass to a receiver, which measures the ion current. Allother ions are
deflected, leave the quadrupole in the lateral direction, and do not reach the
receiver. Hence, the measured ion current at the receiver isproportional to the
partial pressure of the specific species in the vacuum chamber.

The design of the mass spectrometer was modified in order minimise the
response time. Finally, the components could be measured with a response
time of 12 ms per species and a transport delay of70 ms. Since four species
were measured, a total response time of approximately120 ms resulted.

The ionisation of the gas species is obtained here by an electron bombard-
ment, with an energy of about90 eV. This leads not only to an ionisation of
the gas components, but also to a fragmentation. This means that for example
N2 is not only ionised to N+2 , but also fragmented to N+. Since a part of the
nitrogen consists of the15N isotope, signals are visible for the masses 28 (N+

2 ),
14 (N+), 29 (15N14N+), and 15 (15N+). Hence, overlapping can occur, if for
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2.2 Exhaust Gas Measurements

example N2 and CO, which both have a molecular mass of28 g/mol occur
simultaneously. Of course, the masses are not exactly the same, but the tiny
difference cannot be resolved by this device, at least not when it is operated
with the highest sampling rate.

H2 is measured with the mass 2, H2O with 17, N2 with 14, and O2 with
32. Potential interference on the mass 14 may arise from CO and HC. How-
ever, the sensitivity is very low, i. e., 0.8% (CO) and 2.3% (C3H8) of their total
concentrations are detected on 14, with an ionisation energy of 90 eV [96].
Considering the low concentrations of these species as compared to the high
concentration of N2 in the exhaust, this can be neglected. It is sometimes stated
in the literature that water, which is present in the exhaustat a concentration of
about 14%, also influences the hydrogen signal [33]. This is certainly true, if
hydrogen is measured with the mass 1. However, if measured with 2, the sensi-
tivity is very low. Tests have shown that a water concentration of roughly 40%
causes an error of the hydrogen concentration of below50 ppm. Hence, this
influence can be neglected. Finally, methane (CH4) fragments are detectable
both on the mass 14 (16%) and on 17 (1.2%). Since both the nitrogen and the
water concentrations are very high as compared to the methane concentration
in the exhaust, this cross sensitivity is also neglected.

In order to increase the sensitivity of the device, the secondary electron mul-
tiplier was used for every measurement. This lead to a certain parallel drift
of the ion currents. Hence, only the relative concentrationof the four species
could be obtained accurately, but not their absolute values.

In a first approach, the total mole fraction of the four species H2, H2O, N2,
and O2 was scaled to 100%. Together with the concentrations obtained from
the other devices (NO, HC, CO, and CO2), the correct fractions could then
be calculated by rescaling such that the total sum of all eight measured frac-
tions in the exhaust was 100%. This procedure is described inmore detail in
AppendixA.

For the calibration of H2, O2, and N2, gas mixtures with5000 ppm of H2 or
O2 in N2 were available. The accuracy of the concentrations was±1%, i. e.,
±50 ppm. Water was calibrated in saturated air. It is clear that boththe wa-
ter and the nitrogen calibrations are quite inaccurate, which was also reflected
in the measurements, where a variance of up to±1% on a calibration to cali-
bration basis occurred. Therefore, these two species were recalibrated on the
running engine. Thereby, the engine was operated 10% lean, i. e., with aλ of
1.1. In this operating point, theλ sensor, upon which the engine was controlled,
was assumed to be sufficiently accurate, i. e., the error was assumed to be below
0.5% inλ. Downstream of the TWC, CO, H2, and HC concentrations can be
assumed to be zero at this operating point. Hence, the expected concentrations
of O2, H2O, N2, and CO2 could be calculated from stoichiometric considera-
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2 Engine Test Bench

Figure 2.3: The TRI/X5 of the Umicore AG with a diameter of approximately80 mm
and a length of approximately90 mm.

tions, taking into account the measured NO concentration. This recalibration
procedure led to sufficiently accurate and reproducible results, both for N2 and
H2O. The procedure is described in more detail in AppendixA.

2.3 λ Sensors

The wide-rangeλ sensors used in this investigation are heated, planar-typeLSU
4 of the Robert Bosch GmbH. The manufacturer specifies the response time be-
low 100 ms. Internal studies revealed that the response time of the sensors to-
gether with the evaluation unit lies well below40 ms. The sensor was mounted
directly behind the exhaust manifold, see Figure2.2, which resulted in small
transport time delays. Some aspects of the accuracy and use of the wide-range
λ sensor are addressed in Section4.5.

As for the switch-typeλ sensors, the heated, planar-type LSF 4.7 of the
Robert Bosch GmbH were used. The response time in a propane burner is
asymmetric, i. e., dependent on whether the air-to-fuel ratio is switched from
lean to rich or vice versa. The lean–rich response time is faster and specified be-
low 60 ms. In the other direction, the sensor has a response time below125 ms
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2.4 Temperature and Mass Flow Sensors

according to the manufacturer. The sensor was only used downstream of the
TWC, where it was mounted immediately behind the outlet, see Figure 2.2.
The temperature of the sensor was neither controlled nor measured. Since the
sensor clearly exhibited a temperature-dependent signal under rich operation,
i. e., withλ < 1, the exhaust gas temperature was taken as a reference. This is
discussed further in Chapter5. A detailed model of a switch-typeλ sensor is
presented in Chapter4.

2.4 Temperature and Mass Flow Sensors

The exhaust gas temperatures upstream and downstream of theTWC were mea-
sured with Phillips PT100 sensors. Their accuracy is±0.5 ◦C. The response
time lies below5 s. They can be applied in a temperature range from0 ◦C to
1200 ◦C. The sensors were mounted approximately1 cm away from the TWC,
see also Figure2.2.

The air mass flow was measured with a Hitachi hot film meter. Themass
flow signal was integrated over one stroke at a rate of256 kHz in order to
obtain the air mass per cylinder. The integrator was triggered with the ICX3,
see also Section2.1. The air mass flow signal was calibrated against steady-
state measurements, where the calibratedλ sensor and an accurate fuel meter
(Flowtronic of the Quickly AG, Zürich) was used to calculatethe steady-state
reference air mass flow.

2.5 Three-Way Catalytic Converters

For every measurement in this thesis TRI/X5 converters of the Umicore AG
have been used. These TWCs are coated with a double-layer washcoat. The
lower layer is a mixture of palladium and oxygen storage material. The upper
layer consists of platinum, rhodium, and oxygen storage material. The ratio of
Pt/Pd/Rh is 1/8/1, the loading100 g/ft3. The oxygen storage material mainly
consists of oxides of cerium, which are doped with additivesin order to increase
the number of grid imperfections, which in turn enhances themobility of the
oxygen ions. Oxides of zirconium are also added, in order to increase the
thermal stability of the washcoat. The washcoat lies on a metal substrate from
Emitec, its cell density is400 cells/in2.

The converter volume used for the experiments was0.45 l. Since the engine
was equipped with two exhaust gas lines, a displacement/TWC volume ratio of
approximately 3 resulted. A picture of a TRI/X5 is shown in Figure2.3.
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Five TWCs at different ageing levels were available. Ageing had been per-
formed with a hydrothermal procedure, where the convertershad been exposed
to a mixture of H2O, CO2, and N2 during24 hours at different temperatures.
There was one fresh converter available, the others were aged at 1100 ◦C,
1000 ◦C, 900 ◦C, and800 ◦C, respectively. It is somewhat difficult and ar-
bitrary to compare this procedure to a corresponding field ordynamometer
ageing, where e. g. a duration could be given in miles or kilometres. There-
fore, such as reference has not been given here. To get a feeling of the ageing
level, the relative storage capacities are depicted in Figure 2.4. Absolute val-
ues depend on the method of obtaining the storage capacity and are therefore
somewhat arbitrary. The relative values presented here were obtained using the
procedure described in Chapter5.

The converters were mounted close to the engine, just behindthe exhaust
manifold, see also Figure2.2. They were placed in a steel canning which was
designed to allow an easy and quick exchange.
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Figure 2.4: Relative storage capacities of the differently aged TRI/X5 converters. The
fresh TWC has a relative capacity of 1. The temperatures of the ageing procedure are
denoted on the abscissa.
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3 Modelling of a Three-Way Catalytic
Converter

3.1 Introduction

Three-way catalytic converters are very complex chemical reactors. Unfortu-
nately, these reactors are not placed in a protected environment with constant
ambient conditions. Mounted in the engine compartment of a car, they are
subject to rapidly changing temperatures and fed with exhaust gas with a wide
range of thermodynamical and chemical conditions, depending on the ambient
conditions, the combustion in the engine, the driving mode,and the fuel. A
detailed process model of a TWC can hardly cover all these conditions. Fortu-
nately, this is not necessary, since a model usually addresses only few specific
issues, leaving ample space for simplifications.

Various detailed TWC models have been presented in the literature. They
usually account for the oxidation of CO and HC, and the reduction of NO.
Often, the HC are represented by one or two specific HC components. In [6],
a model has been developed, which includes a detailed kinetic reaction scheme
of various species, except hydrogen. The storage mechanisms of oxygen and
other species both on the noble metal and the ceria are described in detail.
The model covers the dynamics both during cold start and hot operation of the
TWC. Another very detailed model, which additionally includes hydrogen, has
been presented in [31]. This model describes the kinetics on a Pt/Rh catalyst
without ceria. A very complex scheme of elementary reactions is used. In this
investigation, only steady-state results are presented. In [78] and [58], a model
has been developed, which uses rather global kinetics including the water-gas
shift reaction. The main focus is on the prediction of the cumulative emissions
during a driving cycle. A model with a rather detailed water-gas shift and
steam-reforming mechanism, taking into account the interaction of the noble
metal and the ceria, has been presented in [54]. Additionally, this model also
includes a sulfur reaction mechanism.

The latter model has been chosen as a basis for the one presented here, since
it provides the main ideas for the description of the focusedphenomena which
will be discussed below. In the following, the focus of the model will be ex-
plained at first, using a measurement sample exhibiting someinteresting as-
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3 Modelling of a Three-Way Catalytic Converter

pects of the TWC dynamics. In the subsequent sections, the thermodynamics,
the kinetics and the solution of the resulting equations including the parametri-
sation will be derived. Finally, a comparison of simulationsamples with mea-
surements will be presented.

3.2 Focus of the TWC Model

The model presented in this thesis focuses on the behaviour of the exhaust gas
species limited by regulations (CO, HC, NO) and especially of the species driv-
ing theλ sensor output (O2, H2) during lean–rich and rich–lean transients. The
goal is to determine the main dynamic phenomena in order to derive a simpli-
fied, control-oriented model which accounts for the storageeffects of oxidising
and reducing species and for distortions of theλ sensor signal, mainly induced
by the ratio between H2, CO, and HC. To illustrate these phenomena, some
transients are presented in Figures3.1 and3.2. Concentration andλ measure-
ments on a fresh and a considerably aged catalyst are shown. Both figures
are based on the same measurements, where the inletλ of the TWC has been
switched from 1.05 (lean) to 0.95 (rich) at10 s and back to 1.05 at40 s. The
engine was operated at a speed of1500 rpm and a load of 30%.

After the lean–rich step, the stored oxygen is depleted by the reducing species.
This leads to a delayed increase of these species, dependingon the ageing of the
TWC. The CO2 concentration increases during the depletion, since temporar-
ily, more CO and (stored) oxygen are available. The subsequent rich phase
exhibits significant differences between the two differently aged TWCs. The
fresh catalyst shows a much higher water-gas shift and steam-reforming activity
than the aged one. The ratio between H2 and CO is much closer to the expected
equilibrium, which would be at around 3–4 at this temperature. Thus, with in-
creased ageing, the TWC operates further away from equilibrium. Considering
the aged TWC, it can even be seen that the hydrogen concentration increases at
first after the lean–rich step and then decreases again afterapproximately15 s.
This indicates a phenomenon which obviously hinders the catalytic activity,
moving the TWC away from equilibrium.

After the rich–lean step, the O2 and NO breakthroughs are delayed, because
oxygen is being stored. After a negative peak of the CO2 concentration caused
by a corresponding peak of the TWC inletλ, the level is temporarily increased.
This is very clearly visible for the fresh TWC between 40 and50 s. Since the
inlet CO and HC concentrations are low at this point, this additional CO2 can
only stem from stored carbonaceous species. This has been suspected in the
literature, see e. g. [52].
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Figure 3.1: Concentrations of NO, HC, CO, H2, O2, and CO2 downstream of the TWC
duringλ steps from 1.05 to 0.95 at10 s and at back to 1.05 at40 s.

Theλ sensor signals in Figure3.2 show a significant sensitivity to the ratio
between H2, CO, and HC. This has already been found in earlier investigations,
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Figure 3.2: Transients of theλ upstream and downstream of the TWC measured with
the wide-rangeλ sensor (λexh andλtp), of the λ downstream calculated from (1.4)
(λcalc), and of the switch-typeλ sensor downstream (Uλst) duringλ steps from 1.05 to
0.95 at10 s and at back to 1.05 at40 s.

see [2], [4], or [42]. Here, also the “true”λ has been calculated from the mea-
sured species, using (1.4). It can be clearly seen that the steady-state value of
this signal matches the one of the inletλ, which is of course expected. How-
ever, both the wide-range and the switch-typeλ sensor signals are significantly
distorted by the hydrogen. The wide-rangeλ sensor signal downstream of the
fresh TWC exhibits an offset of approximately 80% during the rich phase!

The goal of the model presented here is to account for the phenomena de-
scribed above. If the main issues such as catalyst deactivation, the ratio between
H2, CO, and HC, and storage dynamics can be covered and understood, they
can be incorporated in a control-oriented model, which is used both for TWC
diagnosis and control. The key is thereby to account for the distortion of the
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λ sensor signal, which is obviously closely related to the ageing of the TWC.
Hence, the distortion is used to obtain additional information on the system,
which is essential for diagnosis, see also [79].

The kinetics of the model presented here are deliberately kept as slim, global,
and “phenomenological” as possible, which might disturb a reader with a che-
mical-engineering background. A deeper understanding of both the deactiva-
tion mechanism and the water-gas shift or steam-reforming mechanisms are
not subject of this thesis since a proper investigation of this kind is certainly in
better hands when pursued by chemical engineers with the appropriate infras-
tructure.

The model presented here has already been published in [5]. Here, it will be
explained in more detail. Additionally, results from differently aged TWCs at
various operating points will be presented.

3.3 Process Model of the TWC

The TWC model presented in the following is referred to as the “process model”,
because its goal is to understand the most important dynamics as described
above, rather than the use in a control system. For that purpose, a much simpler
model will be derived in Chapter5. The model should be able to reproduce the
dynamic input-output behaviour of all measured species at least qualitatively.
The concentrations of NO, CO, HC, CO2, H2, O2, H2O, and N2 have been
considered. Since only the total HC concentration could be measured, C3H6

has been used as a “representative” for the hydrocarbon species, following the
investigation presented in [54].

The cross sectional distributions of the flow velocity, temperature, and con-
centration profiles in the exhaust upstream of the TWC have been assumed to
be uniform. In reality, this is hardly the case. However, thefocus here is on
the main dynamic phenomena, rather than on the TWC’s overall performance,
which can be significantly influenced by the flow velocity profile. Hence, only
one channel has been modelled, using a one-dimensional approach. Geometry
and material parameters such as storage capacities have been assumed to be
constant along the flow axis. In reality, ageing mechanisms close to the inlet
are different from those close to the outlet of the TWC. At the inlet, TWC de-
activation occurs mainly because of poisoning. Towards thetail, more thermal
effects are dominant, such as sintering. Additionally, deactivation does not oc-
cur uniformly on the TWC cross section, it is rather dependenton the exhaust
gas flow velocity profile at the inlet of the TWC, see e. g. [55]. All phenomena
eventually lead to a reduction of the oxygen storage capacity [93].

The cross sectional flow velocity profile in one channel is notconstant along
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3 Modelling of a Three-Way Catalytic Converter

the flow axis. Especially close to the inlet, the boundary layers are built up and
some lateral inlet flow disturbances might still be effective. Since the length
of one channel exceeds its diameter by two orders of magnitude, these effects
have been neglected. A constant, fully developed flow velocity profile has been
assumed throughout the channel [50].

3.3.1 Thermodynamic Model of the TWC

The thermodynamic model has been derived from [6]. Figure 3.3 shows a
sketch of the heat and mass transfer terms and of the cross sectional geometry of
the TWC. Two gas phases and one solid phase have been considered. The first
(outer) gas phase includes the gas in the core of the channel.Hence, convective
mass flow and heat transfer in the axial direction are considered. Additionally,
mass is exchanged with the second gas phase by means of radialdiffusion. The
second (inner) gas phase contains the washcoat and the boundary layers. Here,
no axial convection occurs. Mass is exchanged in the radial direction with
the outer gas phase on the one hand by means of diffusion, and with the solid
surface on the other hand by means of adsorption or desorption, respectively.

One mass balance per gaseous species can be formulated for the inner and
the outer gas phases. Additionally, mass balances for the adsorbed species
establish the kinetic model. The axial temperature distribution is assumed to be
identical for the two gas phases. Hence, two energy balances, one for the gas
and one for the solid phase, can be derived.

The mass balance for the gas phase speciesi in the channel consists of a
convective term, an axial diffusion term and a radial diffusion term, which de-
scribes the mass exchange between the two gas phases. Mathematically, this
can be expressed as follows:

̺gε
∂wi

∂t
= εDeff

∂2wi

∂z2
− ṁexh

Acs

∂wi

∂z
− DiAgeo(̺gwi − ̺wcvi)

+ wi

∑

j

DjAgeo(̺gwj − ̺wcvj) (3.1)

wi denotes the mass fraction of the speciesi in the channel along the axial
coordinatez, vi the mass fraction in the washcoat. On the right-hand side
of the equation, the first and the second terms stand for the diffusive and the
convective mass transport. The former is small as compared to the latter and
has mainly been accounted for to increase the numerical stability of the solver.
The gas dispersion coefficientDeff and the exhaust gas mass flowṁexh are
assumed to be constant throughout the TWC. The last two terms on the right
denote the radial mass exchange between the channel and the washcoat. The
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Figure 3.3: Sketch of the TWC structure and the terms of the balance equations. View
from the front (on the left) and from the side (on the right) of the TWC.

last term is necessary to keep the sum of all mass fractions at1, see also Ap-
pendixB.1. The geometry parameters are illustrated in Figure3.3. Di is the
radial mass transfer coefficient. With mass flows ranging from 5 to 50 g/s and
a viscosity of 3.4· 10−5 Ns/m2 (at 800 K), the Reynolds number hardly exceeds
500. Hence, the flow is laminar and a constant Sherwood numberShD of 2.47
can be assumed for a triangular shaped tube, see [50]. Di can be calculated
from the Sherwood number:

ShD = 2.47 =
DiDchan

DiN2

(3.2)

DiN2
is the binary diffusion coefficient of the speciesi in N2. It is calculated

as proposed by Füller et. al., see [84]:

DiN2
=

143 ·T 1.75
g

pexh

√

Mi,N2

[

Σ
1/3
v,i + Σ

1/3
v,N2

]2 (3.3)
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whereΣv is the diffusion volume and

√

Mi,N2
=

√
2

√

1
Mi

+ 1
MN2

. (3.4)

Notice that the units ofMi,N2
andDiN2

are g/mol and cm2/s, respectively.
The mass balance for the speciesi in the inner gas phase does not contain

any convective or axial diffusion terms, only radial mass transport occurs. On
the channel side, mass is exchanged with the channel phase bymeans of radial
diffusion. On the solid surface side, mass is exchanged by means of adsorption
and desorption. Since the shape of one channel is roughly an isosceles triangle,
the reference volumes for the washcoat and the gas phase havebeen assumed
as follows:

dVwc = 3DwcDchandz

dVg =

√
3

4
D2

chandz

Hence, the mass balance equation for speciesi in the washcoat/boundary layer
reads as follows:

̺wcεεwc
4
√

3Dwc

Dchan

∂vi

∂t
= DiAgeo(̺gwi − ̺wcvi)

− vi

∑

j

DjAgeo(̺gwj − ̺wcvj)

+ ∆ri − vi

∑

j

∆rj (3.5)

Notice that no gas phase reactions have been assumed to occur. The first
two terms on the right-hand side denote the mass exchange with the channel
phase. The subsequent terms describe the mass exchange withthe solid phase
by means of sorption. Thereby,∆ri stands for the mass transfer of species
i. Again, a balancing term is required, which ensures that thesum of all mass
fractions remains 1. The mass transfer term is calculated from the reaction rates
involving sorption. For speciesi with a total sorption ratersorption e. g. from
the noble metal, the mass transfer rate is obtained as follows:

∆ri = rsorption,iLsAcatMi (3.6)

The calculation ofrsorption will be discussed in Section3.3.2. Ls is the surface
storage capacity of the noble metal (LNM ) or the ceria (LCer).
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The energy balance for the gas phase incorporates a heat conduction term
and a convective heat transport term in the axial direction (1st and 2nd term in
(3.7)). In the radial direction, heat is exchanged with the solidphase by means
of “convective” heat transfer (3rd term in (3.7)). Thus, the energy balance for
the gas phase can be formulated accordingly:

̺gεcp,g
∂Tg

∂t
= ελg

∂2Tg

∂z2
− ṁexh

Acs
cp,g

∂Tg

∂z
+ αAgeo (Ts − Tg) (3.7)

Notice again that no gas phase reactions have been assumed tooccur. λg de-
notes the heat conductivity in the gas phase,α the heat-transfer coefficient be-
tween the gas and the solid phase. Again, a constant Nusselt number of2.47
can be assumed in the laminar flow, see also [50]. Thus,α can be calculated
using the following expression:

NuD = 2.47 =
αDchan

λg
(3.8)

The energy balance for the solid phase only includes axial heat conduction
(1st term in (3.9) with the heat conductivityλs) and the heat transfer (2nd

term) in the radial direction. Additionally, heat production from the chemical
reactions on the solid surface occurs (3rd term):

̺s (1 − ε) cs
∂Ts

∂t
= (1 − ε) λs

∂2Ts

∂z2
− αAgeo (Ts − Tg)

+ Acat

∑

j

−∆Hj ·Rj (3.9)

∆Hj denotes the enthalpy of the speciesj, Rj the net production rate.
Since the heat production of each reaction is somewhat difficult to estimate,

only the net production (if negative: consumption) rates ofCO, CO2, H2O,
C3H6, and NO have been accounted for. The enthalpies of O2, H2, and N2 are
zero. Additionally, the reaction enthalpy of the ceria oxidation has been taken
into account:

Ce2O3 +
1

2
O2(g) → 2CeO2 (3.10)

The values for the enthalpies used in the model are listed in AppendixB.2.
This simple approach of course influences the transient behaviour of the TWC
temperature. Since temperature changes on the solid phase occur relatively
slowly, as long as phenomena such as light-off are omitted, this method for the
calculation of the heat production has been assumed to be sufficiently accurate.
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3 Modelling of a Three-Way Catalytic Converter

3.3.2 Kinetics of the TWC

The mass balances of the adsorbed species on the solid phase are obtained using
Langmuir-Hinshelwood and Eley-Rideal mechanisms. Thereby, the occupan-
cies1 of each speciesi on the noble metal (θi) and the ceria surfaces (Ψi) are
calculated as follows:

∂θi

∂t
= radsorption,i − rdesorption,i +

∑

j

(νi,j · rreaction,j)

The noble metal and the ceria surfaces are modelled as two different indepen-
dent storage capacities which exchange mass with the gaseous phase via sorp-
tion. On the noble metal, various species compete for the same surface sites,
whereas on the ceria, only oxygen adsorption is taken into account. The surface
diffusion has been assumed to be instantaneous, i. e., thereis perfect mixing of
the adsorbed species.

The adsorption rate is calculated using statistical thermodynamics, see e. g.
[1] or [44]. It is dependent on the number of molecule-surface collisions per
time unit and on the relative vacant surfaceθV , which is defined as

θV = 1 −
∑

i

θi i = O,CO,H, . . . (3.11)

The adsorption rate can be formulated as follows:

radsorption,i = s

√

ℜTg

2πMi

1

Ls
ciθV (3.12)

s denotes the sticking probability, which is mainly a correction factor. Although
some adsorption reactions also contain dissociation mechanisms, as will be
shown further below, no extensions such as Arrhenius terms have been used for
the adsorption, i. e., it has been assumed that the adsorption itself is always rate
determining.

The desorption rate coefficient is obtained from an Arrhenius-Ansatz. The
rate is dependent on the availability of the species on the surfaceθi, and on the
solid surface temperatureTs:

rdesorption,i = Adese
−Edes
ℜTs θi (3.13)

ADes is the pre-exponential factor,EDes denotes the activation energy.

1The occupancyθi denotes the fraction of the surface which is covered with thespeciesi.
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3.3 Process Model of the TWC

The reaction rate coefficient is also determined from the Arrhenius-Ansatz.
The rate is dependent on the occupancies of the reacting species, if Langmuir-
Hinshelwood kinetics are applied:

rreaction,LH = Areac,LHe
−Ereac
ℜTs θiθj (3.14)

As for the Eley-Rideal kinetics, the rate is dependent on theoccupancy of the

Table 3.1: Reaction scheme of the TWC model.

O2(g) + 2∗ ↔ 2O∗ (3.15)

CO(g) + ∗ ↔ CO∗ (3.16)

H2(g) + 2∗ ↔ 2H∗ (3.17)

NO(g) + ∗ ↔ NO∗ (3.18)

C3H6(g) + 4∗ ↔ C3H5
∗∗∗ + H∗ (3.19)

CO∗ + O∗ → CO2(g) + 2 ∗ (3.20)

2H∗ + O∗ → H2O(g) + 3 ∗ (3.21)

C3H5
∗∗∗ + 5O∗ → 3CO∗ + 2H2O(g) + H∗ + 4 ∗ (3.22)

NO∗ + ∗ ↔ N∗ + O∗ (3.23)

2N∗ → N2(g) + 2 ∗ (3.24)

Ce2O3 +
1

2
O2(g) → 2CeO2 (3.25)

Ce2O3 + H2O(g) + 2∗ → 2CeO2 + 2H∗ (3.26)

C3H6(g) + 12CeO2 → 3CO(g) + 3H2O(g) + 6Ce2O3 (3.27)

CO(g) + 2CeO2 → CO2(g) + Ce2O3 (3.28)

H2(g) + 2CeO2 → H2O(g) + Ce2O3 (3.29)

The reaction scheme has been mainly derived from [54]. ∗ denotes a vacant site on
the noble metal. Superscript∗ stands for adsorbed species (on the noble metal). The
number of∗ represents the number of vacant sites occupied by the adsorbed species.

adsorbed species and on the concentration of the gaseous species. Theoreti-
cally, similar considerations should be made as for the adsorption rates. How-
ever, for the sake of simplicity, also the Arrhenius-Ansatzis applied. Notice
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3 Modelling of a Three-Way Catalytic Converter

that the unit of the pre-exponential factorAreac,ER has to be adapted accord-
ingly.

rreaction,ER = Areac,ERe

−Ereac,LH

ℜTs θicj (3.30)

Table3.1 shows the reaction scheme used in the model. Reactions on the
noble metal surface (3.15–3.24) are modelled using Langmuir-Hinshelwood
kinetics. Reactions on the ceria (3.25–3.27) follow the Eley-Rideal mechanism.
In [6], also the adsorption of CO, NO, and NO2 on the ceria surface has been
taken into account. Additionally, species adsorbed on the noble metal can be
oxidised by oxygen adsorbed on the ceria surface. This has been omitted here
in order to keep the model as simple as possible.

Oxygen Storage

Oxygen can adsorb on the noble metal (3.15) and on the ceria (3.25). The des-
orption has been assumed to be very weak. Therefore, it has been neglected in
the parametrisation of the models. The adsorption and dissociation are mod-
elled in one step, where the adsorption is the rate determining step.

No exchange of oxygen between the noble metal and the ceria has been
modelled. For simplicity, the two phases have been kept separated, which is
certainly not the case in reality. Reducing species adsorbed on the noble metal
react with oxygen from the ceria at the phase boundary [6]. Additionally, it has
been shown that in reality, oxygen is exchanged between the noble metal and
the ceria [95].

The ceria mainly contributes to the oxygen storage capacity. Oxygen storage
in the bulk has not been taken into account, i. e., the total storage capacity has
been collected in one surface capacity.

NO Reduction

The reduction of NO occurs via adsorption (3.18), dissociation (3.23) and N2

formation (3.24). This implies that vacant surface sites are necessary. During
lean operation, the surface is mainly occupied by oxygen. Therefore, the NO
dissociation is hindered. Because of the abundance of oxygen, the back reaction
of (3.23) is additionally dominant. Hence, oxygen is preferred for the oxidation
of reducing species. Under rich operation, the NO reductionis efficient, as
long as the surface is rather free. With increasing deactivation, presumably by
carbonaceous species, also the NO dissociation becomes more inhibited. This
leads to a reduced NO conversion under rich operation, as hasbeen reported in
e. g. [29].
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3.3 Process Model of the TWC

Other compounds of N and O, such as N2O or NO2 have been neglected.
Reaction schemes including NO2 have been presented in [53] and [6].

CO Oxidation

The CO oxidation occurs on the noble metal via (3.16) and (3.20), and on the
ceria via (3.28). The first reaction path is straightforward and widely applied in
the literature, see e. g. [54], [6], or [31]. The CO2 adsorption has been omitted
here, no back reaction of (3.20) occurs. The oxidation with oxygen from ceria
might also be modelled with CO adsorbed on the noble metal instead of the
gaseous form, as has been proposed in [24]. However, in [95], it has been
observed that only a limited amount of oxygen on the ceria is accessible for
the oxidation of adsorbed CO on the noble metal. In [6], even the adsorption
of CO on the ceria and on the oxidised noble metal surface (to form OCO)
had been accounted for. From a phenomenological and thus much simplified
point of view it is important that the presence of ceria significantly increases
the CO oxidation. This has been taken into account here by theapplication of
the Eley-Rideal mechanism, where the two reactants do not compete for the
same surface sites.

HC Oxidation

The HC are represented by propene, C3H6. This choice follows the model pre-
sented in [54]. Often, propene or propane are chosen as a replacement for all
HC. In [6], C2H2 and C2H4 have been used to represent slow and fast oxidised
hydrocarbons. With the approach chosen here, the specific properties of dif-
ferent hydrocarbons (alkanes, alkenes, aromates etc.) arecollected in the one
chosen species, C3H6. Hence, also properties such as coking, which are more
attributed to alkanes, see [10], [25], or [13], are modelled with propene.

The oxidation of C3H6 in the model takes place on the noble metal via (3.19)
and (3.22) and on the ceria via (3.27). The scheme has been adopted from [54].
The adsorption on the noble metal includes the dissociation, where the breaking
of one C-H bond is involved. The oxidation to adsorbed CO, H, and gaseous
water has been modelled in one step. A very detailed scheme, where the break-
ing of each C-H bond was taken into account, has been presented in [31]. It
has been assumed that one adsorbed C3H5 molecule occupies three sites on
the noble metal. This is again a rough assumption, based on phenomenolog-
ical observations. It will be shown that in this model, the deactivation under
rich operation mainly occurs because of site occupation by hydrocarbons. In
reality, it is not entirely clear, what species actually occupies the sites. From
exhaust gas measurements, see also Figure3.1, it is evident that some carbona-
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3 Modelling of a Three-Way Catalytic Converter

ceous species are involved. It has been assumed that one surface site is used per
C atom, which leaves space for interpretation about the formof the adsorbed
species. Above all, this assumption has brought about the best simulation re-
sults. In [62], it has been shown that “coking” with CHx indeed occurs on a
Rh/alumina/ceria catalyst, when exposed to propane pulses. Additionally, it
has been shown there that the conversion rate for the steam-reforming reaction
rapidly decreases after the first pulse because of coking.

HC oxidation on the ceria is implemented using an Eley-Rideal mechanism.
No competition for vacant surface site between the reactants occurs. As on the
noble metal, C3H6 is oxidised to gaseous CO and water.

H2 Oxidation and H 2O Dissociation

The oxidation of the H2 occurs, like the CO and the HC, both on the noble
metal via (3.17) and (3.21), and on the ceria via (3.29). The mechanism is in
both cases simple and straightforward.

In [54], a reaction path on the ceria has been proposed, where adsorbed hy-
drogen (on the noble metal) and oxygen (on the ceria) react toform OH on the
ceria as an intermediate product. Two OH ions may react to water, leaving an
oxidised and an empty site on the ceria:

H∗ + OCe ↔ OHCe (3.31)

2OHCe ↔ VCe + OCe + H2O(g) (3.32)

The corresponding back reactions describe the adsorption and dissociation of
water, providing the necessary steps for the water-gas shift and the steam-
reforming reactions. Also other authors have described theoccurrence of OH,
see e. g. [34] or [98]. In [62], it has even been shown that hydroxyl is very
mobile and spillover to the noble metal occurs.

In [34], it has been stated that the OH occupancy is responsible forthe deac-
tivation of the water-gas shift reaction under rich operation. That investigation
was made with Rh/Al2O3 catalysts, where only the water-gas shift reaction was
focused on, i. e., hydrocarbons were not present. Considering the transient be-
haviour of the aged TWC in Figure3.1, it can be seen that the water-gas shift
reaction is deactivated rather fast after the lean–rich step (approximately after
5 s). However, the deactivation of the steam-reforming reaction is much slower
(approximately20 s after the step). Hence, another mechanism must be respon-
sible for this deactivation. Since no increased water or hydrogen concentrations
have been observed after the rich–lean step, it has been concluded that the OH
occupancy is only responsible for the “fast” deactivation of the water-gas shift
reaction.
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3.3 Process Model of the TWC

The goal of this investigation was to keep the reaction scheme as slim as pos-
sible. Therefore, the water adsorption and dissociation was considered more on
a phenomenological level. It is described by reaction (3.26). Hence, water is
adsorbed on the ceria and dissociated to adsorbed hydrogen on the noble metal
and oxygen on the ceria, if vacant sites are available both onthe noble metal
and on the ceria. Under lean operation, the occupancy on the surfaces by oxy-
gen inhibits the adsorption of water. Additionally, hydrogen from the water
dissociation is immediately oxidised because of the abundance of oxygen. Un-
der rich operation, water adsorption is inhibited, if the noble metal surface is
coked, i. e., covered with hydrocarbons. It will be shown that this very sim-
ple approach suffices to describe the rather complex behaviour of the H2, CO,
and HC concentrations during a lean–rich step. The same mechanism, which
inhibits the water-gas shift reaction will be shown to also hinder the NO dissoci-
ation. It is clear that this is a purely phenomenological approach, but hopefully
it provides some inspiration for more detailed reaction schemes.

The Role of Sulfur

Basically, sulfur plays an important role in the deactivation of the TWC, espe-
cially during rich operation, see e. g. [29]. It occurs in the exhaust mainly as
SO2 and is assumed to inhibit the water-gas shift and the steam-reforming reac-
tions, especially on Pd and ceria [70]. Additionally, it has been found to hinder
even NO reduction under rich operation [29]. Exactly these phenomena are fo-
cused on here and can be reproduced by the TWC model (see Figures3.7–3.9).
For all experiments presented in this thesis, a fuel with a rather low sulfur con-
tent (17 wtppm) was used. Therefore, sulfur was neglected. However, thereis
no contradiction of this thesis with the cited work, since itis still possible that
sulfur promotes the mechanisms presented here. This means that the TWC is
deactivated by stored carbonaceous species, but the storage mechanism itself
can be enhanced by the presence of sulfur. In fact, it has beenobserved in [10]
that SO2 promotes the coking of the TWC, when alkanes are present.

3.3.3 Simulation and Model Calibration

For eight gas species in two phases, seven adsorbed species and two temper-
atures (gas phase and solid phase), a total of 23 mass balances and 2 energy
balances have to be calculated simultaneously. The balanceequations were
solved with PDEXPACK [72]. PDEXPACK is a method-of-lines solver for
systems of parabolic differential equations in one space dimension. For the
spatial discretisation, second order finite differences are applied. For the time
discretisation, a semi-implicit Euler method is used, which combines the ad-
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3 Modelling of a Three-Way Catalytic Converter

vantages of an implicit method (stability) with the advantages of an explicit
method (no iteration). A two dimensional extrapolation method is applied to
calculate solutions of higher order and to estimate separate errors of the state
variables in time and space. Based on these error estimations, an equilibration
of the errors is achieved through inserting gridpoints in regions of high errors
and cancelling gridpoints in regions of small errors (localregridding). Finally,
such a combination of spatial grid, time step and extrapolation order, promises
an optimised performance of the method for a user specified tolerance.

In order to facilitate the use of this package, a MatlabTM GUI was developed.
This GUI allows an efficient parametrisation of both the model and the solver,
and a convenient and flexible handling of the input and the output data. Since
the GUI runs under MatlabTM , powerful graphical tools are accessible directly
from the GUI.

For the model parameters describing the TWC geometry, physically reason-
able values were chosen. They are presented in AppendixB.2. As for the
kinetic parameters and the storage capacities, a differentapproach was taken.
Since the model uses rather global kinetics, parameters could not be obtained
from the literature. Therefore, they were calculated usingan optimisation rou-
tine which minimises the error between measured and simulated transients of
the gas concentrations during steps between lean and rich inlet exhaust gas mix-
tures. For this purpose, the model and the solver had to be simplified, since one
simulation of 100 s takes approximately 10-60 minutes with the PDEXPACK2.
The longitudinal axis was divided into five cells. Then, an implicit Rosenbrock
algorithm of 4th order was applied to solve the set of ordinary differential equa-
tions, see [83]. The calculation demand for this model is considerably reduced
as compared to the original model.

The simplified model was used for an automated adjustment to measured
concentration transients by means of a non-linear leastsquares algorithm [64].
The reference measurements consisted of low-frequencyλ excitations at steady-
state engine operating points. Thereby,λ was switched between 0.97 and 1.03
every30 s. In order to keep the calculation burden manageable, only three oper-
ating points and three ageing levels of the TWC were considered for the param-
eter fitting procedure. The resulting reaction constants were fitted according to
the Arrhenius-Ansatz (pre-exponential factorA and activation energyE).

The parameters were obtained in three iterations. In the first iteration, all
parameters were identified. In the second iteration, the sticking probabilities
s, and in the third iteration additionally the storage capacitiesLNM andLCer

were fixed.

2All Simulations were performed on a PC with a Pentium IV processor (3.2 GHz) running under
Windows XP.
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Figure 3.4: Kinetic parameters obtained from the calibration. Des 1 – Des 5denote the
kinetic parameters according to (3.13) of the desorption reactions (3.15)–(3.19). Reac 1
– Reac 9 denote the kinetic parameters according to (3.14) and (3.30) of the reactions
(3.20) – (3.29). The dots mark the value obtained by the optimisation, the lines are fitted
according to the Arrhenius Ansatz using a least-squares algorithm.

An example of the desorption and reaction parameters is presented in Fig-
ure 3.4. The three operating points, where the model was calibratedare de-
picted in Table3.2. The TWCs used for the procedure were considerably aged
(at1100 ◦C), moderately aged (at900 ◦C) and fresh, see also Section2.5. The
storage capacities of the noble metal (LNM ) and the ceria (LCer) obtained
from the calibration are shown in Figure3.5. Actually, the total storage capac-
ity is dependent on both the specific capacityLNM or LCer and on the catalyst
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3 Modelling of a Three-Way Catalytic Converter

Table 3.2: Operating points for the calibration of the TWC model.

Nr neng [rpm] load [%] Texh [K] ṁexh [g/s]

1 1500 30 775 7.5
2 1750 35 830 10.4
3 2000 40 875 13.8

The exhaust gas mass flow corresponds only to one exhaust gas line here.

surfaceAcat. Ageing might in fact influence both parameters. Presumably,
thermal ageing leads to a reduction ofAcat, whereas poisoning affectsLNM

andLCer. However,Acat has been assumed to remain constant here, whereas
LNM andLCer have been assumed to be subject to ageing.
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Figure 3.5: Storage capacitiesLNM andLCer of the differently aged TWCs. TWC 1
denotes the considerably aged (at1100 ◦C) converter. TWC 2 is moderately aged (at
900 ◦C), and TWC 3 is fresh.
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Figure 3.6: Measured raw exhaust gas concentrations dependent on λ at different engine
operating points corresponding to the exhaust gas temperature depictedin the legend.

The inlet concentrations were obtained from steady-state measurements. The
concentrations are dependent on the air-to-fuel ratioλ and on the engine oper-
ating point, i. e., the exhaust gas temperature. They are shown in Figure3.6.
The instantaneous inlet concentration of each species was calculated by inter-
polation using theλ value from the sensor and the exhaust gas temperature.
All parameters obtained from the calibration procedure arepresented in Ap-
pendixB.2.
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3.4 Simulation Results vs Measurements

Simulations have been performed in various operating points with differently
aged TWCs. For all simulations, the same kinetic parameters have been used
(see AppendixB.2) apart from the storage capacities, of course, which are de-
pendent on the ageing level of the TWC. Here, a selection of results is pre-
sented. In the first part, the transients of measured and simulated concentrations
downstream of the TWC are compared for three differently agedconverters at
different engine operating points. In the second part, the profiles of the oc-
cupancies and the concentrations during lean–rich and rich–lean transients are
presented. Finally, the temperature profiles are shown and discussed.

3.4.1 Concentration downstream of the TWC

Figures3.7–3.9show the measured and simulated concentration transients down-
stream of the TWC. In all three figures, the TWC was operated atλ = 1.03
at the beginning. At10 s, the inletλ was switched to 0.97, at40 s back to
1.03. Transients of a considerably aged TWC at engine operating point 3, of
a moderately aged TWC at point 2, and of a fresh TWC at point 1 are shown,
see Table3.2for the specification of the engine operating points. This selection
was made because the sensitivity of the transient behaviourof the ratio between
H2, CO, and HC towards both the engine operating points and the ageing level
can be very clearly pointed out.

Generally, the agreement of the simulated and the measured exhaust gas con-
centrations is very good for all species. Some steady-stateoffsets mainly occur
from errors of the inlet concentrations, which is the case for NO and CO2. The
larger offsets of the H2O and N2 concentrations in Figure3.8are caused by the
air humidity, which was significantly higher, when these measurements were
performed. The inlet water concentration was not adjusted in the simulation.

After the lean–rich step at10 s, the stored oxygen is depleted at first, leading
immediately to a low concentration of all species, except for the reaction prod-
ucts CO2 and H2O, whose levels are increased temporarily. The duration of the
depletion is dependent on the amount of stored oxygen. This in turn is depen-
dent on the storage capacity, which is reduced with ageing, see Figure3.5.

The transient behaviour of the H2, CO, and HC concentrations after a lean–
rich step at10 s is remarkably well reproduced by the model. After the deple-
tion of the stored oxygen, the hydrogen concentration levelstrongly increases.
This is mainly caused by the water-gas shift reaction, whichneeds free catalyst
surface, see reaction (3.26). As will be shown in the next section, hydrocar-
bons start to cover the surface slowly, hindering the water adsorption. Hence,
the hydrogen production and concentration level decreases. With this coking
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of the catalyst surface, the HC emissions also increase. This effect is most
pronounced, when an aged TWC with a high throughput is considered, such
as in Figure3.7. In Figure3.9, where the exhaust mass flow is smaller and
the catalyst surface is very large, coking is very slow and thus, deactivation of
the water-gas shift reaction becomes hardly visible within30 s. The CO con-
centration increases quite fast to reach a steady-state level after the depletion
of the oxygen in the catalyst, in all three cases. Notice thatthe increased H2
concentration with the fresher TWC goes hand in hand with lower CO and HC
levels. Hence, the air-to-fuel ratio remains unchanged by the deactivation of
the TWC, which is of course expected. The coking of the catalyst surface even
affects the NO conversion under rich operation. In Figure3.7, a slight increase
of the NO concentration after the depletion of the stored oxygen occurs, which
is also reflected by the model.

When a step from rich to lean occurs, as at40 s, the concentration of the
reducing species is expected to drop. Oxygen and NO are not expected to
increase, until the oxygen storage is filled. In reality, theCO and HC concen-
trations drop immediately after the step. However, the hydrogen concentration
only decreases slowly, especially, when the storage capacity of the TWC is
large, such as in Figure3.9. This is caused by a persistent water adsorption,
which is declining with the increasing level of stored oxygen. The model re-
flects the time of both the O2 and the NO breakthrough after the filling of the
oxygen storage quite inaccurately. The reason for this is not entirely clear. An
apparent measure would be to reduce the storage capacities.However, this
leads to a poorer agreement of the concentration transientsof the reducing
species during the rich period. Here, the model certainly needs an improve-
ment.

The behaviour of the H2O, CO2, and N2 concentrations also agrees well with
the measured values. Notice that in Figure3.9, both the H2O and the CO2 con-
centrations are slightly increased after the rich–lean transient between42 s and
46 s after a negative peak caused by an overshoot of the inletλ. This increase
may only come from stored carbonaceous species containing hydrogen. This is
a clear indication that indeed coking of the catalyst is caused by hydrocarbons
and not by carbon monoxide. However, this only addresses therelatively slow
coking effect and not the very fast deactivation of the water-gas shift reaction
caused by other phenomena, as proposed in [34] and [98].
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3.4 Simulation Results vs Measurements

3.4.2 Occupancy and Concentration Profiles

In Figures3.10and3.11, the profiles of the occupancies and the concentrations
along the TWC axis during the step from lean to rich at10 s is presented.
Figures3.12 and3.13 show the profiles during the step from rich to lean at
40 s. All profiles are from the moderately aged TWC.

After the switch of the TWC inletλ from lean to rich at10 s, stored oxygen
is depleted at first. On the noble metal, this happens rapidlywithin 1.5 s with a
steep front moving from the inlet to the tail of the TWC. However, the profile of
the oxygen on the ceria (θO,Ce) is much more evenly distributed. Additionally,
oxygen depletion is much slower. It takes approximately5 s, until the storage is
completely empty. The small amount of NO on the catalyst disappears almost
immediately. As for the CO and the H, reasonable amounts are stored on the
noble metal within5 s. After that, both are steadily replaced by the C3H5

from the front to the tail, the TWC is being coked. The gas concentration
profiles are much more evenly distributed, because of the axial convection. NO
and O2 drop almost immediately to low levels. CO breaks through after the
noble metal is saturated. The same is valid for the hydrogen,however, the
source is different: Whereas the adsorbed CO comes from direct adsorption,
the hydrogen comes mainly from the water adsorption and dissociation, i. e.,
reaction (3.26). This reaction is more and more hindered by the coking, by
which the adsorbed hydrogen is displaced. Hence, less of it desorbs, which
leads to a lower hydrogen gas concentration. Notice that this concentration is
increasing from the TWC front to the tail, at least, as long as adsorption of
the abundantly available water is present. As for the CO, theopposite is true,
since adsorbed CO mainly comes from the gaseous CO entering the TWC. The
water concentration of course increases with decreasing adsorption and water-
gas shift activity. This in turn leads to a decreasing CO2 concentration.

After the rich to lean step of the inletλ at40 s, oxygen is stored both on the
noble metal and the ceria. Again, the front on the noble metalis quite steep,
moving from the inlet of the TWC to the tail. At the front, wheremainly C3H5,
but also the remaining small amounts of CO and H are oxidised,some free sur-
face is available, leading to a small peak of NO and N moving tothe tail. The
profile of the oxygen on the ceria is much more evenly distributed than on the
noble metal. Again, the abundantly available water contributes additional oxy-
gen. This leads to the phenomenon that the water-gas shift activity “fades out”
with the level of the oxygen storage, when the exhaust gas turns lean, leading
to a comparatively smooth decrease of the gaseous hydrogen concentration at
the tail, whereas CO and C3H6 break down immediately.
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Figure 3.10: Occupancies during the step from lean to rich at10 s. The profiles are from
the moderately aged TWC. Notice the varying time scale.

50



3.4 Simulation Results vs Measurements

          
0

1000

2000
10 s

10.2 s
10.4 s

10.6 s
10.8 sN

O
 [p

pm
]  

          
0

50
100
150

10 s
15 s 20 s

25 s

H
C

 [p
pm

 C
1]

          
0

0.5

1

10 s

15 s
20 s

25 s

C
O

 [%
]  

          

12.5

13
10 s

15 s
20 s 30 s

40 s

C
O

2 [%
]

          
0

0.5
10 s

10.4 s

10.6 sO
2 [%

]

          
0

0.5

10 s

15 s
20 s 30 s

40 sH
2 [%

]

          
13.6
13.8

14
14.2

10 s

15 s 20 s
30 s

40 s

H
2O

 [%
]

0   0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09
71.5

72
72.5

73
10 s

15 s
20 s

position on the TWC flow axis [m]

N
2 [%

]

Figure 3.11: Concentration profiles during the step from lean to rich at10 s. The profiles
are from the moderately aged TWC. Notice the varying time scale.

51



3 Modelling of a Three-Way Catalytic Converter

          
0

0.5

1

40 s 40.8 s

41.6 s 42.4 s 43.2 s 43.6 sθ O

          
0  

0.5

1e−5

40 s

40.8 s

41.6 s

42.4 s43.2 s
43.6 s

θ N
O

          
0  

0.5

1e−3
40 s40.8 s

41.6 s
42.4 s 43.2 s 43.6 s

θ N

          
0

0.5

1

40 s

40.8 s
41.6 s

42.4 s 43.2 s

43.6 s

θ O
,C

e

          
0

0.1

0.2
40 s

40.8 s

41.6 s 42.4 s 43.2 s 43.6 s

θ C
O

          
0

0.005

0.01

40 s
40.8 s

41.6 s

42.4 s
43.2 s

θ H

0   0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09
0

0.5

1
40 s

40.8 s 41.6 s 42.4 s 43.2 s

43.6 s

position on the TWC flow axis [m]

θ C
3H

5

42.4 s 43.2 s 43.6 s

Figure 3.12: Occupancies during the step from rich to lean at40 s. The profiles are from
the moderately aged TWC. Notice the varying time scale.

52



3.4 Simulation Results vs Measurements

          
0

1000

2000

40 s
41 s

42 s
43 s

44 s

N
O

 [p
pm

]  

          
0

50
100
150 40 s

40.4 s
40.6 s

40.8 s

H
C

 [p
pm

 C
1]

          
0

0.5

1 40 s

40.4 s

40.6 s
40.8 sC

O
 [%

]  

          

12.5

13

40 s
40.8 s

42.4 s 43.2 s
43.6 s

C
O

2 [%
]

          
0

0.5

40 s
41 s 42 s 43 s 44 s

45 s

O
2 [%

]

          
0

0.1
0.2

40 s

40.4 s
40.8 s

42 sH
2 [%

]

          
13.5

14

14.5

40 s

40.8 s

42 s

H
2O

 [%
]

0   0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09
72

72.5
73

73.5

40 s
40.4 s

40.8 s
42 s

N
2 [%

]

position on the TWC flow axis [m]

Figure 3.13: Concentration profiles during the step from rich to lean at40 s. The profiles
are from the moderately aged TWC. Notice the varying time scale.

53



3 Modelling of a Three-Way Catalytic Converter

3.4.3 Temperature Profiles

The temperatures at the outlet of the three TWCs during theλ steps are shown
in Figure3.14. The temperature profiles of the moderately aged TWC along
the axial direction are presented in Figure3.15.
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Figure 3.14: Tail-pipe temperatures of the three TWCs during the inletλ steps from
lean to rich at10 s and rich to lean at40 s. Texh denotes the measured temperature of
the raw exhaust gas at the TWC inlet. Ttp is the measured temperature at the TWC tail,
see also Figure2.2.

Generally, the temperatures were far too high when the first simulations were
performed. This comes from the assumption of the TWC being an adiabatic
system. In reality, both heat radiation and convection occur, which lead to a
substantial heat loss in the radial direction. Therefore, avery simple heat loss
term was added to (3.9):

∆Q = −(Ts − Tamb)αTWC
ATWC

VTWC
(3.33)

Tamb denotes the ambient temperature,αTWC is the heat transfer coefficient.
ATWC stands for the outer TWC surface andVTWC for the TWC volume.
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Figure 3.15: Temperature profiles during the inletλ steps from lean to rich at10 s
(above) and from rich to lean at40 s (below). The profiles are from the moderately aged
TWC.

With this heat loss term, the temperature levels could be corrected to more
reasonable values. However, the transient behaviour is still too aggressive as
compared to the measured values because of the following reasons: First, the
TWC is modelled as one homogeneous solid object. In reality, it is surrounded
with an insulating material and a steel canning, which adds substantially to the
total thermal inertia. Secondly, the temperature sensors apparently are compar-
atively slow. Despite these drawbacks the result is considered to be sufficient
for the purpose of the model.

As for the temperature profiles, it can be generally stated that the temperature
within the TWC of course increases because of the enthalpy of the exothermal
reactions. However, towards the tail of the converter, the temperature decreases
again because of the heat loss.
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3.5 Conclusion

A process model of the TWC has been derived. This model accounts for all
measured species, including NO, HC, CO, CO2, O2, H2, H2O, and N2. The
model is based on published work, mainly from [54] and [6]. The hydrocar-
bons are represented by C3H6. The main focus of the model was to correctly
reflect the behaviour of the concentrations during steps of the air-to-fuel ratio
at the inlet of the TWC at different engine operating points and varying TWC
ageing levels. The goal was thereby to identify the main mechanisms which
drive the ratio between H2, CO, and HC. The model generally provides a very
good agreement between measured and simulated transients of the exhaust gas
concentrations. It has been shown that not only the oxygen storage dynamics
are relevant, but also the deactivation of the TWC by coking orcoverage of
carbonaceous species. This phenomenon hinders the water-gas shift reaction
under rich operation. This leads to variations of the ratio between H2, CO,
and HC, depending on the engine operating point and on the catalyst surface,
which decreases with ageing. It has been shown that even the NO conversion
is deactivated by coking under rich operation.

The dynamics of the deactivation are rather slow as comparedto the oxygen
filling/depleting dynamics. The ratio of H2 and CO/HC is very important for
the λ sensor output, as will be shown in the next chapter. Therefore, the dy-
namics of the deactivation of the water-gas shift reaction must be accounted for
in a TWC observer, which is supported with aλ sensor. This model identifies
the main phenomena and thus is highly suitable as a starting point for the de-
velopment of a simplified control-oriented model. This taskwill be pursued in
Chapter5.
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4 Modelling of a Solid-Electrolyte
Oxygen Sensor

4.1 Introduction

Solid-electrolyte oxygen sensors are used both upstream and downstream of the
TWC. In the configuration applied in this investigation, a wide-rangeλ sensor
is used upstream of the TWC, i. e., in the raw exhaust. Downstream of the
TWC, a switch-typeλ sensor is mounted, see also Figure1.4. In Figure3.2of
the previous chapter, it has been shown that these sensors are not only sensitive
to the oxygen concentration and/or the air-to-fuel ratio, but also to the ratio
between H2, CO, and HC. This is a minor problem in the raw exhaust, where
this ratio roughly remains constant for one specificλ. However, downstream
of the TWC, it can vary considerably, independent ofλ. It is thus essential to
understand the working principle of the solid-electrolyteoxygen sensors and
how their outputs depend on the exhaust gas concentrations.In the following,
mainly the switch-typeλ sensor will be focused on, because only this type is
used downstream of the TWC throughout this thesis. Sometimes, the use of
a wide-rangeλ sensor is proposed also downstream of the TWC. This will be
addressed briefly at the end of this chapter.

Figure4.1shows typical steady-state characteristics of a switch-typeλ sen-
sor downstream of a fresh and an aged TWC, respectively. On thelean side,
i. e., whereλ > 1, the voltage is mainly below200 mV and roughly identi-
cal for both cases. On the rich side, i. e., whereλ < 1, the voltage is well
above600 mV, and a significant difference between the two characteristics is
visible. Whereas the characteristic of the sensor downstream of the fresh TWC
increases persistently with a decreasingλ, downstream of the aged TWC the
increase is somewhat unsteady with a “terrace” atλ = 0.98. It will be shown
that this stems from differences in the ratios between H2, CO, and HC.

The use of aλ sensor downstream of the TWC fulfills mainly two purposes.
The first application is for TWC diagnostics. From the delayedresponse as
compared to the one of the sensor upstream, the TWC storage capacity and
thus the state of ageing can be determined. The second application is the cal-
ibration of the sensor upstream. When the sensor upstream fails to establish a
chemical equilibrium at its electrodes, a bias of the measuredλ occurs. Down-
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Figure 4.1: Switch-typeλ sensor characteristics downstream of a fresh and an aged
TWC.

stream of the TWC, where the exhaust gas is close to equilibrium, the switch-
typeλ sensor delivers a very precise information about the stoichiometric point,
i. e., where the switch of the sensor characteristic is located. This information
is used for the calibration of the sensor upstream. Both sensor calibration and
TWC diagnostics could theoretically be implemented using the location of the
switch, only. However, as can be seen from Figure4.1, there is much more
information in the sensor signal. Its sensitivity to the hydrogen concentration
is both disturbing but also a chance to obtain additional information about the
TWC’s level of ageing, since this is strongly connected to thehydrogen emis-
sions, as has been shown in the previous chapter. Hence, a model shall be de-
veloped, which accounts for the main exhaust gas components, with a special
focus on the ones mainly driving the sensor voltage, such as oxygen, hydrogen,
carbon monoxide, and hydrocarbons.

It is clear from the considerations above that models which exclusively take
into account the oxygen concentration in the exhaust gas cannot describe the
characteristics as shown in Figure4.1, irrespective of whether the oxygen con-
centrations in the exhaust are used or the equilibrium concentrations above the
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4.2 Structure and Working Principle

electrodes. Such models have been presented in [73] and [79]. A simple test,
where the sensor is exposed to an inert gas such as helium or nitrogen, reveals
that the voltage will only reach about300 − 400 mV, although no oxygen is
present, see e. g. [14]. Hence, not only the diffusivity but also the chemical
potentials of the reducing and oxidising species have to be taken into account.

The model developed here is mainly based on the work presented in [21]
and [16]. Parts of it have been published already in [2], however some minor
modifications have been made. It accounts for the most important exhaust gas
species. Diffusion to the electrodes, reaction kinetics onthe electrodes and the
electrolyte have been considered. The purpose is to reproduce the dependencies
on the exhaust gas species on a qualitative level only, i. e.,no extensive tuning
will be applied. Hence, the model serves as a basis for the development of
a simplified control-oriented model, which can be used in an engine control
system, where the computational resources are rather limited. Such a model
will be presented in Chapter5.

In the following, the structure and the working principle ofthe switch-type
λ sensor will be discussed at first. Then, the process model with the differ-
ent modules, such as the protection layer, the electrode andthe electrolyte is
developed. Finally, a selection of simulation results in comparison with mea-
surements is presented.

4.2 Structure and Working Principle

Modern λ sensors are planar-type, i. e., they consist of different horizontal
layers, where the outermost one is exposed to the exhaust gas, the innermost
one to the reference gas, which is air in this case. Sensors ofolder types consist
of concentric layers, where the outside is exposed to the exhaust gas and the
inner tube to the reference gas.

A sketch of a planar type sensor is depicted in Figure4.2. The actual sensor
element is shielded by a protection tube with small openingsor slots to allow
the exhaust gas to pass inside. The tube protects the sensor against particles,
small droplets and the direct exposure to the exhaust gas. Additionally, the heat
transfer from the heated sensor element is reduced, whereasthe mass transfer
from the exhaust gas to the sensor is enhanced. The flow pattern with the heat
and mass transfer between the exhaust gas and the sensor has been investigated
in detail in [57]. The sensor element consists of various layers. The first one,
which is exposed to the exhaust gas, is a porous ceramic and serves to protect
the electrode and as a diffusion barrier. Under the protection layer, a porous
catalytic electrode is located, which consists mainly of platinum. The kernel of
the sensor is an electrolyte, usually zirconia (ZrO2) with additives to enhance
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4 Modelling of a Solid-Electrolyte Oxygen Sensor

the mobility of the oxygen ions. The reference side is built accordingly. The
cathode of the sensor is located at the measurement side, theanode at the refer-
ence side. Modern switch-typeλ sensors are heated, in order to keep the sensor
element at approximately700 ◦C.
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Figure 4.2: Sketch of the working principle and the structure of a switch-typeλ sensor.
View from the side (top) and cross-sectional view of the sensor element(bottom).

The exhaust gas components diffuse through the protection layer onto the
electrodes. The electrodes are catalytic, which brings theexhaust gas close
to a chemical equilibrium. This is enhanced by the protection layer, which
additionally serves as a diffusion barrier. Thereby, a concentration gradient be-
tween adsorbed oxygen on the electrode on the one hand and oxygen ions in
the electrolyte on the other hand arises, which causes the oxygen ions to mi-
grate to the electrode (or vice versa), donating (or receiving) two electrons to
(or from) the electrode. Additionally, oxygen ions react directly with reducing
species such as H2, CO, or HC, donating additional electrons. The electrons
leaving the electrolyte or rather the positively charged vacancies in the elec-
trolyte grid build up an electrostatic potential, which finally is in equilibrium
with the chemical potential of the exhaust gas. The same process occurs on
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4.3 Process Model

the reference side. Hence, a concentration gradient of oxygen ions in the elec-
trolyte is established. It has been shown that this concentration gradient is
located in the outermost layer of the electrolyte, see [43], [82], or [37]. The
potential occurring from the electrons migrating to or fromthe electrodes is
finally measured as the sensor output voltage. Thus, the concentration or better
the activity gradient of the oxygen ions between the exhaustand the reference
side is measured, rather than the concentration gradient ofthe oxygen in the
exhaust gas. The activity of the oxygen ions on the measurement side in turn
is dependent on the gas composition, i. e., on the concentrations of both ox-
idising and reducingspecies in the exhaust gas. Occasionally,λ sensors are
referred to as oxygen sensors. This can be obviously misleading, especially,
when switch-typeλ sensors are used.

4.3 Process Model

The structure of the sensor model follows the one of the real sensor, which ba-
sically consists of four elements: The thimble, the protection layer, the porous
electrodes, and the electrolyte. This is reflected in the model, which is di-
vided into three modules. A sketch of the sensor model structure is shown
in Figure4.3. The thimble and the protection layer are collected in the first
module where mainly diffusion phenomena are accounted for.Here, the gas
concentrations at the electrodecelectrode

i are calculated from the exhaust gas
concentrationscexhaust

i and the mass transfer ratesṁsorption
i between the elec-

trode and the gas phase due to sorption. The second one represents the catalytic
electrodes where the most important chemical reactions aremodelled. In this
module, the occupancies of the adsorbed speciesθj are calculated from the ex-
haust gas concentrations at the electrode. The third moduleincorporates the
electrolyte with the three-phase boundary between the gas,the electrode and
the electrolyte. Here, the sensor voltageUλst is obtained from the occupancies
on the electrode.

Protection Layer Electrode Electrolyte
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Figure 4.3: Structure of the sensor model.
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4 Modelling of a Solid-Electrolyte Oxygen Sensor

The goal of the model is to reproduce the sensor output qualitatively correct
in steady-state conditions, in order to understand the mainmechanisms, espe-
cially the role of oxygen, hydrogen and carbon monoxide. Hence, the following
simplifying assumptions have been made:

Plane geometry The sensor geometry is not exactly plane. However, effects
arising from this are neglected.

Uniform temperature distribution In reality, the temperature distribution
depends on the location of the heater, the flow pattern insideand outside
the protecting tube, which is in turn dependent on the mounting in the
exhaust, and on the sensor geometry. Here, only one gas temperature
and one solid temperature have been assumed.

Uniform concentration profiles The flow pattern inside the protection tube
depends on various factors, such as the geometry or the position in the
exhaust gas pipe. This has been investigated in detail in [57]. Hence,
the concentration profiles at the protection layer are very complex and
rapidly changing. Here, perfect mixing has been assumed inside the pro-
tection tube, which leads to uniform concentration profiles.

Efficient gas exchange inside the tube It has been assumed that the tube
does not significantly hinder the gas transport between the exhaust and
the sensor element, as compared to the porous protecting layer. Hence,
only the sensor element has been taken into account.

Notice that the third and the fourth assumptions are also based on the condition
that only steady-state simulations are performed.

The exhaust gas has been assumed to consist of O2, CO, H2, NO, CO2, H2O,
and N2. The HC have been neglected, since their concentrations remain rather
low as compared to CO and H2 during normal operation downstream of the
TWC. In order to maintain a correctλ, the measured HC concentrations have
been added to the CO and H2 concentrations, where a C:H ratio of 1:2 was
assumed. In reality, the HC consist of many components [87], which certainly
have differing influences on the sensor output, depending onthe agility of the
molecules and their reactivity on the electrode. Since onlythe total HC were
measured, their composition could not be determined. The NOx apart from NO
have also been neglected, partly because of their usually low concentrations
and partly because they were not measured. Notice that both the HC and the
NOx may have a considerable effect on the sensor output, if they occur in
considerable quantities. This might for example be the casein the exhaust
of engines fuelled with natural gas, where a lot of methane ispresent in the
exhaust [69].
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4.3 Process Model

4.3.1 Protection Layer

The mass transfer in the protection layer is purely diffusive, as has been pointed
out in the previous section. Stefan-Maxwell equations havebeen applied to
account for the diffusion in the porous material. These equations are generally
not as well-known as the Fick’s law. The latter equations only account for the
concentration gradient of a species to drive the diffusion.They do not account
for the fact that if a species A diffuses into B, B is displacedand has to diffuse
in the opposite direction in order to maintain the overall pressure equilibrium.
The Stefan-Maxwell equations account for this displacement and can hence be
considered to be “more fundamental”. A detailed derivationof these equations
can be found in [63] or [84].

Since the protection layer consists of a porous ceramic material, diffusion is
hindered. In order to facilitate the numerical solution of the problem, the layer
has been divided into finite volumes. The concentration ofci of the speciesi
has been assumed to be uniform within the finite volume. Its change in time
is calculated by use of a mass balance and the gas equation, and can thus be
expressed as follows:

∂ci

∂t
= (Ji,in − Ji,out) ·Asensor (4.1)

Ji is the mole flux of the speciesi, Asensor denotes the specific flux area of the
layer. Notice that the temperature has been assumed constant.

The fluxes between the finite volumes are calculated from the concentrations
using the Stefan-Maxwell equations. For a mixture ofn species, they are ex-
pressed as follows:

Ji =

− pexh

ℜTexh
∇ci + ci

n
∑

j=1

j 6=i

Jj

Dij

n
∑

j=1

j 6=i

cj

Dij

(4.2)

∇ci denotes the concentration gradient of the speciesi, Dij stands for the bi-
nary diffusion coefficient of speciesi diffusing into j. It is the same as has
been used for the TWC model in the previous chapter, see (3.3). However, here
the diffusion is hindered since it occurs in the porous material. Therefore, the
coefficient is extended with the porosity-tortuosity factor ǫ/q as follows:

Dij =
ǫ

q

143 ·T 1.75
exh

pexh

√

Mi,j

[

Σ
1/3
v,i + Σ

1/3
v,j

]2 (4.3)
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4 Modelling of a Solid-Electrolyte Oxygen Sensor

ǫ is the volume fraction of the gas in the porous material.q is a measure for the
increase of the diffusion path due to the curvature of the pores.

The Stefan-Maxwell equations as denoted in (4.2) are implicit and have to
be rearranged for the direct calculation of the fluxesJi. They are transformed
to a linear equation system of the form

A ·x = b, (4.4)

where the elements ofA, b, andx can be expressed as follows:

Aij =































−

ci

Dij
n

∑

k=1

k 6=i

ck

Dik

if i 6= j

+1 if i = j

(4.5)

bi = −

pexh

ℜTexh
n

∑

k=1

k 6=i

ck

Dik

∇ci (4.6)

xi = Ji (4.7)

The concentration gradient∇ci is approximated by a simple forward difference
scheme. Hence, with the lengthd of the finite volumek it reads

∇ci|k ≈ ci,k+1 − ci,k

d
. (4.8)

Since the Stefan-Maxwell equations are inherently consistent with the overall
pressure equilibrium, onlyn − 1 equations are linearly independent, if applied
to n components. Hence, the matrixA in (4.5) is only of rankn − 1. One
possibility to resolve this is to replace one row inA by ones and setting the
corresponding element in the vectorb to zero. Physically, this expresses the
balance of all fluxes, of which the sum must be zero. However, this approach
leads to a badly conditioned matrixA. This may cause numerical problems,
when the equation system is solved, especially, if the efficient LU (Lower -
Upper triangular) decomposition is applied. Therefore, another approach has
been chosen.

If the MatrixA is replaced by the identity matrixI, the equation system (4.4)
represents the Fick’s law. The idea is now to separate the identity part fromA
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4.3 Process Model

and add the remaining matrix with the outer diagonal elements of A with a
weighting factorµ, which is 1 in the exact case:

A ≈ I + µA, (4.9)

where
A = A − I. (4.10)

As long as the weighting factorµ is smaller than 1,A is not singular. Tests
have revealed that a factor of 0.9999 provides sufficiently accurate and numer-
ically stable results with the LU decomposition. The error which occurs from
the weighting factor is very small as compared to one occurring from the sim-
plifying assumptions.

The boundary conditions on the exhaust gas side are the concentrations of
the gas species. On the electrode side, the mass flux arising from adsorption
and desorption on the electrode is fed into the diffusion model.

4.3.2 Electrode

In this module, the occupancies of the adsorbed species are calculated from the
concentrations of the gas species in the protection layer atthe electrode sur-
face. These are provided by the first module. Again, a number of simplifying
assumptions have been made:

Uniform and constant temperature profile The temperature profile is
uniform and constant. There are no local temperature peaks,i. e., the
reaction enthalpy is set to zero for all reactions.

Langmuir-Hinshelwood kinetics All reactions have been modelled using
Langmuir-Hinshelwood kinetics. Hence, reactions only occur amongst
adsorbed species. All species compete for the same surface sites on one
adsorption layer.

Uniform distribution of occupancies The adsorbed species are uni-
formly distributed on the surface, i. e., surface diffusionis assumed to
be instantaneous.

The adsorption, desorption and reaction rates have been calculated as de-
scribed in Chapter3. For convenience, they are repeated here. The balance
equation for the speciesi on the surface reads as follows:

∂θi

∂t
= radsorption,i − rdesorption,i +

∑

j

(νi,j · rreaction,j)
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4 Modelling of a Solid-Electrolyte Oxygen Sensor

The adsorption rate is dependent on the concentrationc of the gaseous species
i, on the availability of free surface sitesθV and on the gas temperatureTexh:

radsorption,i = s

√

ℜTexh

2πMi

1

Lelectrode
ciθV (4.11)

Accordingly, the desorption rate is dependent on the occupancyθ of the species
i on the surface and on the sensor temperatureTsensor:

rdesorption,i = Adese
−Edes
ℜTsensor θi (4.12)

The reaction rate depends on the availability, i. e., the occupanciesθ of the
reactantsi andj, and on the sensor temperatureTsensor:

rreaction,LH = Areac,LHe

−Ereac,LH

ℜTsensor θiθj (4.13)

The complete reaction scheme applied in the model is depicted in Table4.1.
The adsorbed species taken into account in the reaction scheme include C, CO,
O, H, OH, H2O, NO, and N.

The C-O-CO (4.14–4.15, 4.19–4.21) and the H-O-OH (4.14, 4.16, 4.18,
4.22–4.24) reaction schemes follow mainly the proposals presented in[48].
However, some modifications have been made.

Since theλ sensor works at temperatures around700 ◦C, no direct decom-
position of CO has been taken into account. Instead, the Boudroie reaction
(4.19) has been introduced. The occurrence of pure carbon on the sensor elec-
trode is probably somewhat controversial. In [30], it has been shown that the
exposure of the sensor to a gas mixture consisting of O2, CO, and N2, which
changes between lean and rich at low frequencies reveals an asymmetric re-
sponse of the sensor voltage. The sensor follows the switch from rich to lean
immediately, whereas the voltage only saturates slowly in the other direction.
This test was simulated with the model. The asymmetric behaviour could only
be reproduced, if the occurrence of C was taken into account.The occurrence
of C has been documented in [76], however in a system, where only CH4 was
tested and no gaseous CO. As long as the engine is not operatedwith a very rich
air-to-fuel ratio during a longer period, the occurrence ofC on the sensor plays
a minor role. Therefore, the parameters of the reactions involving adsorbed C
have been set to zero. However, the reactions have been documented for the
sake of completeness.

The desorption of OH has not been taken into account here, since only very
low rates are expected at the sensor’s working temperature of 700 ◦C, see [48]
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4.3 Process Model

Table 4.1: Reaction scheme of the sensor electrode model.

O2(g) + 2∗ ↔ 2O∗ (4.14)

CO(g) + ∗ ↔ CO∗ (4.15)

H2(g) + 2∗ ↔ 2H∗ (4.16)

NO(g) + ∗ ↔ NO∗ (4.17)

H2O(g) + ∗ ↔ H2O
∗ (4.18)

2CO∗ → C∗ + CO2(g) + ∗ (4.19)

C∗ + O∗ → CO∗ + ∗ (4.20)

CO∗ + O∗ → CO2(g) + 2 ∗ (4.21)

O∗ + H∗ ↔ OH∗ + ∗ (4.22)

OH∗ + O∗ ↔ H2O
∗ + ∗ (4.23)

2OH∗ → H2O
∗ + O∗ (4.24)

NO∗ + ∗ → N∗ + O∗ (4.25)

NO∗ + N∗ → N2(g) + O∗ + ∗ (4.26)

2N∗ → N2(g) + 2∗ (4.27)

∗ denotes a vacant site on the noble metal. Superscript∗ stands for adsorbed species
(on the noble metal).

or [100]. CH4 has not been taken into account. The hydrocarbons certainly
have an impact on the sensor voltage. However, since they generally occur only
in small quantities downstream of a TWC, they have not been incorporated in
the sensor model. The water-gas shift reaction

CO + H2O → CO2 + H2 (4.28)

is implicitly contained in the reaction scheme.
The N-O-NO reaction scheme (4.25– 4.27) has been derived from [45]. The

formation of NO2 has been neglected. The data for the kinetics have been taken
from [71] and [77]. The former investigation was performed on a rhodium
catalyst. However, NO concentrations are quite low in comparison with the
O2 concentrations. Therefore, these data have been assumed tobe sufficiently
accurate.
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4 Modelling of a Solid-Electrolyte Oxygen Sensor

Apart from the occupancies on the electrode, also the mass flows to and
from the electrode by means of adsorption and desorption have to be calcu-
lated by the electrode model to obtain boundary conditions for the diffusion
model, see Figure4.3. The mass flows are calculated from the sorption rates,
the adsorption storage capacity on the electrodeLelectrode, the electrode sur-
faceAelectrode, and the molar massM of the speciesi. Notice that the mass
flow is positive in the direction from the electrode to the diffusion model.

ṁsorption,i = (rdesorption,i − radsorption,i)LelectrodeAelectrodeMi (4.29)

4.3.3 Electrolyte

The actual sensor output voltage, which is measured at the electrodes, is gen-
erated in the electrolyte. It arises from a concentration gradient of the oxygen
ions in the outer layers of the electrolyte.

It has been illustrated in Section4.2 that the oxygen ions migrate from the
electrolyte, donating two electrons to the electrode at thethree-phase boundary
between the gas, the electrode, and the electrolyte. The switch-typeλ sensor is
a potentiometric sensor without induced ion current in the electrolyte. Hence,
only the chemical potential of the redox reactions causes the oxygen ions to
migrate. These reactions occur on the electrode, as has beenshown in the pre-
vious section. In the literature, it has been shown that alsospecies which are
adsorbed on the electrolyte react with the oxygen, see [68] and [67]. Most
of these reactions presumably occur at the three-phase boundary between the
electrode, the electrolyte, and the gas. Hence, also surface diffusion plays an
important role. In order to keep the model simple, such surface transport phe-
nomena have not been modelled here. Additionally, the temperature has been
assumed to be uniform and constant in the electrolyte.

Three algebraic models of the zirconia electrolyte have been derived. The
first model only takes into account the oxygen concentrations on the electrodes.
It is mainly based on [43] and [18]. In the second model, also reducing species
adsorbed on the electrodes are regarded, as in [19]. The third model addition-
ally accounts for adsorbed species on the electrolyte. It isbased on the work
presented in [59], [65], [85], and [37].

Model I: Oxygen on Electrodes

In an exhaust gas with a rich air-to-fuel ratio, i. e.,λ < 1, oxygen is almost
completely reduced on the catalytically active electrode.Hence, a chemical
potential between the oxygen adsorbed in the electrode and the ions in the elec-
trolyte arises. The latter migrate to the electrode surface, until the chemical
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4.3 Process Model

potential∆Gchem balances the electrostatic potential in the electrolyte∆Gel.
This can be expressed mathematically as follows [43]:

∆Gchem = ∆Gel

−ℜTsensor ln

(

θO

aO2−

)

= 2FUmeas (4.30)

θO denotes the occupancy of oxygen on the electrode.aO2− stands for the
activity of the oxygen ions in the electrolyte.F is the Faraday number and
Umeas the voltage on the measurement side. At the reference electrode, the
balance can be expressed accordingly:

ℜTsensor ln

(

θref
O

aO2−

)

= 2FUref (4.31)

The total sensor voltage outputUλst is the sum of the two voltages on the
measurement and the reference sides, respectively:

Uλst =
ℜTSensor

2F
ln

(

θref
O

θO

)

(4.32)

This result is based on purely steady-state considerations. The same result can
be derived from a dynamic analysis [18]. Such an analysis will be pursued for
the next model. Notice that (4.32) is the Nernst equation, applied to the occu-
pancies of the oxygen on the electrodes, instead of the oxygen concentrations.

Model II: Redox Reactions with Oxygen of the Electrolyte

This model is mainly based on the one presented in [19]. Not only adsorbed
oxygen is taken into account, but also adsorbed reducing species such as hy-
drogen or carbon monoxide. Most probably, the reducing species contribute the
main part for higher voltage outputs on the rich side. The chemical potential of
the redox reactions is much higher than of concentration gradients between the
electrode and the electrolyte. This can be verified by exposing a switch-type
λ sensor to an inert gas, such as nitrogen. The voltage output hardly exceeds
350 mV, see also [14]. Metaphorically speaking, reducing species “pull” the
oxygen ions out of the electrolyte against the electrostatic potential.

It is assumed that oxygen migrates between the electrode andthe electrolyte
and that oxygen on the electrolyte reacts directly with carbon monoxide and
hydrogen, which are adsorbed on the electrode. This can be expressed as fol-
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4 Modelling of a Solid-Electrolyte Oxygen Sensor

lows:

Oo(oxide) ↔ O∗ + ν2+
O + 2e− kf , ka (4.33)

CO∗ + Oo(oxide) → CO2(g) + ν2+
O + 2e− kf,CO (4.34)

H∗ + Oo(oxide) ↔ OH∗ + ν2+
O + 2e− kf,H, ka,H (4.35)

Oo(oxide) denotes an oxygen ion in the electrolyte,ν2+
O a positive vacancy in

the electrolyte grid ande− stands for an electron.kf andka are the reaction
rate coefficients of the forward and backward reactions. Carbon is not taken
into account, because it has been neglected in the electrodemodel. Considering
the reaction scheme on the electrode (4.14–4.27), also other species might be
accounted for, for example NO. In reality, the hydrocarbons, which have not
been considered in the electrode model at all, certainly play an important role,
as well. However, these have been omitted for the sake of simplicity. It will
be shown that the reactions considered here are sufficient toget satisfactory
results.

From the reaction scheme above, an expression for the electron current can
be derived:

ṅe = kfθV − kaϑV oθO + kf,COθCO + kf,HθH − ka,HθOHθV (4.36)

ϑV o denotes the fraction vacant sites in electrolyte grid, i. e., it corresponds
to ν2+

O above. It is assumed that the availability of oxygen ions is not rate
limiting, i. e., the reaction rates are independent of the oxygen concentration in
the electrolyte. The first two terms on the right hand side denote the exchange
of oxygen between the electrode and the electrolyte. In [37], it was assumed
that the forward reaction was of order zero with respect to all reactants, i. e., the
first term would then be onlykf . In the final model, as it will be derived in the
following, this leads to infinitely high sensor voltage outputs, when the oxygen
occupancy of the electrode is zero. In reality, this is neverthe case: Even, when
the sensor is put in a pure inert gas, oxygen migrates from theelectrolyte to
the electrode. However, in the model developed here, the electrolyte model
is algebraic without any feedback to the electrode. In otherwords, species
migrating between the electrolyte and the electrode are notconsidered in the
balance equations of the electrode model. Notice that this problem also arises
in the simple model I, which has been presented above. The introduction of
the dependency of the reaction rate on the availability of vacant sites on the
electrode,θV , solved the problem to a satisfactory level.

Assuming steady-state or better equilibrium, the electroncurrent in (4.36) is
zero. Hence,ϑV o can be expressed as follows:

ϑV o =
kfθV + kf,COθCO + kf,HθH

kaθO + ka,HθOH
(4.37)
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The corresponding term can be found for the reference side. Here, the gas only
consists of air, no hydrogen or carbon monoxide is present:

ϑref
V o =

kfθref
V

kaθref
O

(4.38)

These two terms for the vacant oxygen sites in the electrolyte can now be in-
serted in the Nernst equation. Of course, in a reciprocal wayas compared to
the model I, since now the oxygen vacancies are considered and not the activity
of the ions.

Uλst =
ℜTsensor

2F
ln









θref
O

(

θV +
kf,CO

kf
θCO +

kf,H

kf
θH

)

θref
V

(

θO +
ka,H

ka
θOH

)









(4.39)

Now the sensor voltage output is also dependent on the occupancies of CO,
H, and OH, which are in turn dependent on the concentrations of CO, H2, and
H2O. It will be shown that this model approach provides the bestresults of the
three electrolyte models.

Model III: Redox Reactions on the Electrolyte

This model was derived from a number of investigations performed by Mizusaki
et al., see [65; 66; 68; 67] and [75; 76]. It has been assumed that various species
migrate on the electrode surface to the three-phase boundary between the gas,
the electrode, and the electrolyte, where they react with oxygen adsorbed on
the electrolyte or migrate to the electrolyte surface. Additionally, species such
as water or carbon dioxide adsorb on the electrolyte or reactdirectly with the
adsorbed species. Here, only the reactions are accounted for, which have been
determined to be relevant in the mentioned investigations.It has to be pointed
out that the two reaction groups, which will be presented below, have been
derived in separate investigations. They have been combined in this thesis.

The first part accounts for reactions, which occur at the two-phase bound-
ary between the electrode and the electrolyte. These reactions include both an
exchange of adsorbed species and a transfer of charge carriers. Therefore, the
reaction rates can be expressed as current densities,i. It is assumed that no
current is present under steady-state conditions. Hence, all reaction currents
can be summed and set to zero. An expression for the occupancyof the oxygen
ions in the outer layer in the electrolyte,ΘO2− shall be derived, which can be
inserted in the Nernst equation.
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4 Modelling of a Solid-Electrolyte Oxygen Sensor

Two types of reactions with CO adsorbed on the electrode might be consid-
ered:

CO∗ + O⊗ ↔ CO2(g) (4.40)

2CO∗ ↔ CO2(g) + C⊗ (4.41)

The superscript⊗ denotes a species adsorbed on the electrolyte. It has was
shown in [76] that the first reaction is dominant in a CO2 rich environment,
whereas the second one mainly occurs in a CO rich environment. The former
is true for an engine exhaust environment, hence only reaction (4.40) will be
considered. Instead of the reaction rate, the kinetic equation is expressed by
means of a current density:

i1 = k1θ
0.5
COϑ0.5

O − k′
1c

0.5
CO2

(4.42)

ϑO stands for the occupancy of oxygen on the electrolyte. The exponents of0.5
arise from the assumption that this reaction takes place at the phase boundary
[67].

Hydrogen adsorbed on the electrode reacts at the phase boundary as follows:

H∗ + OH⊗ ↔ H2O
∗ + ⊗ (4.43)

H∗ + H2O
⊗ ↔ H2O

∗ + H⊗ (4.44)

⊗ denotes an empty site on the electrolyte surface. It has beenshown in [67]
that both reactions should be considered. The corresponding kinetic expres-
sions are

i2 = k2θ
0.5
H ϑ0.5

OH − k′
2θ

0.5
H2Oϑ0.5

V (4.45)

i3 = k3θ
0.5
H ϑ0.5

H2O − k′
3θ

0.5
H2Oϑ0.5

H (4.46)

It is assumed that oxygen atoms are transferred between the electrode and the
electrolyte because of the surface concentration gradient:

O∗ + ⊗ ↔ O⊗ + ∗ (4.47)

The current density occurring from this reaction is

i0 = k0θ
0.5
O ϑ0.5

V − k′
0ϑ

0.5
O θ0.5

V (4.48)

Other species are not accounted for here. In reality, hydrocarbons might play an
important role. However, they have neither been consideredin the exhaust gas

72



4.3 Process Model

nor in the electrode model. All reactions occur in parallel.Hence, the current
densitiesi0-i3 are added and set to zero, since steady-state is assumed:

0 = + k0θ
0.5
O ϑ0.5

V − k′
0ϑ

0.5
O θ0.5

V

+ k1θ
0.5
COϑ0.5

O − k′
1c

0.5
CO2

+ k2θ
0.5
H ϑ0.5

OH − k′
2θ

0.5
H2Oϑ0.5

V

+ k3θ
0.5
H ϑ0.5

H2O − k′
3θ

0.5
H2Oϑ0.5

H (4.49)

The second part of the model incorporates reactions which occur on the elec-
trolyte. All reactions are assumed to be in equilibrium, which makes the use of
the equilibrium constantK(Tsensor) possible.

In [67], [75], and [76] it was shown that mainly water, hydrogen, and hy-
droxyl are adsorbed on the electrolyte. It was shown furtherthat water is ad-
sorbed directly from the gas, whereas hydrogen is formed by water or hydroxyl
dissociation. Hydroxyl is formed by water dissociation or by hydrogen reacting
with an oxygen ion. Both carbon and carbon monoxide have not been consid-
ered on the electrolyte. Oxygen occurs both on the surface (O⊗) and in the grid
(O2−). Hence, four reactions are taken into account:

H2O
⊗ + ⊗ ↔ OH⊗ + H⊗ (4.50)

H⊗ + O2− ↔ OH⊗ (4.51)

O2− + ⊗ ↔ O⊗ (4.52)

H2O(g) + ⊗ ↔ H2O
⊗ (4.53)

The corresponding kinetic expressions are directly put in the equilibrium form:

0 = K5ϑH2OϑV − ϑOHϑH (4.54)

0 = K6ϑHΘO2− − ϑOH (4.55)

0 = K7ΘO2−ϑV − ϑO (4.56)

0 = K8cH2OϑV − ϑH2O (4.57)

The five equations (4.49) and (4.54)–(4.57) can now be applied to calculateϑH,
ϑOH, ϑH2O, ϑO, andΘO2− . The concentration of the oxygen ions in the outer
layer of the electrolyte,ΘO2− , can then be used for the calculation of the sensor
voltage output applying the Nernst equation:

Uλst =
ℜTSensor

2F
ln

(

Θref
O2−

ΘO2−

)

(4.58)
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4.4 Steady-State Simulation Results vs
Measurements

Only steady-state simulations have been performed. An engine testbench is
not suitable for dynamic tests of the switch-typeλ sensor, since it is very diffi-
cult to generate well-defined reproducible steps of the exhaust gas components.
An analysis in the frequency domain, as can be performed for the wide-range
λ sensor [74] cannot be accomplished because of the nonlinear characteristic
of the sensor.

For the parameters of the diffusion model, physically reasonable values have
been chosen. The parameters of the electrode model have beenobtained from
the literature, only minor adjustments have been made. As for the electrolyte
model II, the parameters had to be tuned. The parameters of model III have
been obtained from the literature, where available. Parameters have been tuned
to one operating point only. All parameter values can be found in AppendixC.1.

The temperature dependence of the sensor has not been investigated. The
reason is again that on an engine test bench, the exhaust gas temperature, com-
position, and mass flow as well as the sensor temperature cannot be varied
independently.

Exhaust Gas Concentrations

The model was tested on data obtained at an engine speed of2000 rpm and
a relative load of 40%. Figure4.4 shows the exhaust gas concentrations at
this operating point. Measurements have been performed with a considerably
aged (at1100 ◦C), a moderately aged (at900 ◦C), and a fresh TWC, see also
Section2.5. Mainly the H2, CO, and HC concentrations exhibit variations. Ac-
cordingly, H2O and CO2 concentrations also vary slightly. The concentrations
of O2 and NO are somewhat higher downstream of the aged TWC. Here, the
exhaust gas composition is obviously further away from equilibrium, because
the aged converter is less effective, which is of course expected. Hence, the
sensitivity of the sensor to different ratios of rich species can be tested.

Occupancies on the Measurement Electrode

The occupancies of the adsorbed species on the measurement electrode for the
three TWCs are presented in Figure4.5. They are shown in a logarithmic scale
to elucidate their influence on the Nernst equations of models I and II. On the
lean side, the electrode is mainly covered with oxygen, on the rich side with
carbon monoxide. The occupancies of the other species are very low. However,
the hydrogen coverage is clearly different for the three TWCs, which will be
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shown to be crucial for the sensor voltage. In fact, the hydrogen desorption was
significantly increased as compared to the value obtained from the literature.
This lead to a reduction of the occupancy of three orders of magnitude, but to a
much better result of the simulated sensor voltage, especially for model II.

Sensor Voltage Outputs of Models I–III

The simulated sensor voltage of model I in comparison with the measured val-
ues is depicted in Figure4.6. The accuracy is qualitatively correct but poor by
means of absolute values. On the lean side (λ > 1), the simulated voltage is far
to low. There are two possible reasons for this: The oxygen occupancy is too
high, or the occupancies of the other species play a role, even on the lean side,
which is not reflected in the model. On the rich side (λ < 1), the sensitivity to
the different exhaust gas mixtures is qualitatively correct, i. e., a higher voltage
is obtained downstream of the fresh TWC. However, this is not caused by the
higher hydrogen concentration, but rather by the lower oxygen content. No-
tice that the voltage follows the inverse oxygen occupancyθO, rather than the
hydrogen occupancy,θH. On an absolute level, the difference between the mea-
sured and the simulated voltage is quite large, i. e., up to100 mV. This shows
clearly that other species apart from oxygen have to be takeninto account in
the electrolyte model.

Figure4.7 shows the simulated sensor voltage output of model II in com-
parison with the measured values. The accuracy of the model is very good,
both on the lean and on the rich sides. Comparing the sensor voltage with the
occupancies reveals that on the rich side the voltage is mainly driven by the
hydrogen. Hence, the differences of the sensor voltage output on the rich side
are clearly connected with the ratio between H2 and CO. Of course, hydrocar-
bons also play a role in reality, but they have not been taken into account in
this model. The sensor characteristic on the rich side (λ < 1) downstream of
the aged TWC is somewhat unsteady. There is a step like saturation at approx-
imatelyλ = 0.98, from where the voltage rises further on the rich side. This
behaviour is obviously caused by the ratio between H2 and CO, as can be seen
in Figure4.4. Downstream of the fresh TWC, the characteristic is smootheron
the rich side because of the more steady increase of the hydrogen concentration.

The simulated sensor voltage output of model III in comparison with the
measured values is presented in Figure4.8. For the calculation of the sensor
voltage, the model was simplified by assuming the occupancy of the free sur-
face sites on the electrolyte to be 1, i. e.,ϑV = 1. On the lean side (λ > 1),
the agreement between the measured and the simulated valuesis very good.
On the rich side (λ < 1), the agreement is satisfactory. However, the charac-
teristic is somewhat too steep. The dependency on the ratio between H2 and
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ment electrode in a logarithmic scale. TWC 1 is aged at1100 ◦C, TWC 2 at900 ◦C,
and TWC 3 is fresh.
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Figure 4.6: Simulated sensor voltage of model I in comparison with the measured val-
ues. TWC 1 is aged at1100 ◦C, TWC 2 at900 ◦C, and TWC 3 is fresh.
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Figure 4.7: Simulated sensor voltage of model II in comparison with the measured
values. TWC 1 is aged at1100 ◦C, TWC 2 at900 ◦C, and TWC 3 is fresh.
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Figure 4.8: Simulated sensor voltage of model III in comparison with the measured
values. TWC 1 is aged at1100 ◦C, TWC 2 at900 ◦C, and TWC 3 is fresh.

CO is reflected well. The consideration of feedback terms of the electrolyte
module in the electrode model would probably improve the model and repro-
duce the saturation on the rich side in a more pronounced way,i. e., flatten the
characteristic.

The models I–III revealed clearly that reducing species such as hydrogen or
carbon monoxide have to be considered in a switch-typeλ sensor model. The
reason for this is the fact that the sensor voltage is driven by a shortage of oxy-
gen ions in the electrolyte rather than in the exhaust gas outside the sensor or
at the electrode. The shortage of oxygen ions leading to a high voltage output,
i. e., over450 mV is mainly driven by the reducing species. Hence, two con-
clusions can be drawn for the development of a simple control-oriented model:
First, reducing species such as H2 and CO have to be considered. Secondly, the
ratio of these two species has to be accounted for. This callsfor a TWC model
which calculates the concentrations of these two species correctly, if a physi-
cally meaningful model of the sensor is to be applied. This will be pursued in
Chapter5.
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4 Modelling of a Solid-Electrolyte Oxygen Sensor

4.5 Aspects of the Wide-Range λ Sensor

Occasionally, the use of wide-rangeλ sensors downstream of a TWC is pro-
posed in the literature, see e. g. [51] or [39]. This setup has not been considered
in this thesis for the following reasons:

First, wide-rangeλ sensor signals are also heavily distorted by the ratio be-
tween H2, CO, and HC, as is the case with the switch-typeλ sensors. This
has been shown by various authors, see [42] or [79]. Also in this thesis, a
very impressive example can be seen in Figure3.2of the previous chapter. Al-
though the rich branch of the switch-type characteristic isalso distorted by the
exhaust gas composition, the position of the switch remainsstable, especially
downstream of the TWC. Hence, this sensor provides a very robust informa-
tion about whether the exhaust gas is lean or rich during boththe sensor’s and
TWC’s lifetime. This cannot be achieved with a wide-rangeλ sensor.

Secondly, the wide-rangeλ sensor changes its characteristic during its life-
time. This goes hand in hand with the first reason: Since the position of the
switch in the switch-typeλ sensor characteristic is very robust against age-
ing, this sensor can be used both for the calibration and the diagnosis of the
upstream sensor. This cannot be done with the wide-rangeλ sensor, whose
characteristic is subject to a certain drift over its lifetime.

Thirdly, the switch-typeλ sensor is cheaper. While this is certainly a killing
point for commercial applications, it is not the most important aspect when
pursuing new ways of TWC control or diagnosis in the research environment.
However, since the application of the wide-rangeλ sensor does not really bring
substantial advantages, it is somewhat hard to justify its use.

The distortion of the signal of the wide-rangeλ sensor used in this thesis has
been investigated in more detail. It has to be pointed out that this was only done
on one single sensor and on an engine test bench. This is of course not a suitable
way and/or infrastructure for the determination of a systematic behaviour of this
type or brand of sensors. However, the results will be presented in order to give
an impression on how potential distortions may appear. Of course, the probably
somewhat controversial comments above should be additionally supported.

Only the distortion of the wide-rangeλ sensor signal upstream of the TWC
had been investigated. This was done by controlling the measured upstreamλ
to ±1, 3, and 5% off stoichiometry, i. e.,λ = 1 ± 0.01, 0.03, 0.05. The “true”
λ was then determined from the exhaust gas measurements. Thereby, (1.4) has
been applied. For convenience, it is repeated here:

λ =
2yCO2

+ yCO + 2yO2
+ yNO + yH2O

2yCO2
+ 2yCO + yH2

+
(

2x + y
2

)

yCxHy
+ yH2O

This was done in five different operating points on all five TWCsused in this
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thesis, see also Section2.5. The measurements have been performed on dif-
ferent days with frequent calibration of all exhaust gas measurement devices.
Exhaust gas concentration measurements are, of course, also afflicted with er-
rors. Therefore, the maximum error propagation from the measurements to the
estimatedλ has been analysed. The methodology is presented in AppendixA.2.

The measured and the calculatedλ values are shown in Figure4.9. Also
shown is the total maximum error of the calculatedλ. Notice that the expected
error is approximately one third of the maximum error. It canbe clearly seen
that the error of the sensor is dependent both on the operating point and on the
λ. The error behaviour of the sensor is obviously dependent onwhether it is
operated in a lean or in a rich mixture.
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Figure 4.9: Measured and calculatedλ at five different operating points (=exhaust gas
temperatures). The error bars denote the maximum error.
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4 Modelling of a Solid-Electrolyte Oxygen Sensor

4.6 Conclusion

A process model of a switch-typeλ sensor, which accounts for O2, NO, H2,
CO, H2O, and CO2 in the exhaust gas has been developed. The goal was
thereby to reproduce the sensitivity of the sensor signal tothe different ex-
haust gas species, at least on a qualitative level. The modelconsists of three
modules. The first module accounts for the diffusion of the exhaust gas species
from/to the electrode through a porous protection layer. The second module
incorporates the surface kinetics of the catalytically active electrode. The third
module contains an algebraic model of the electrolyte. Three different elec-
trolyte models have been developed. The first model, which only accounts for
adsorbed oxygen on the electrodes, brought qualitatively correct but quantita-
tively poor results. Very good results have been obtained from the other two
models, where the direct influence of adsorbed hydrogen and carbon monoxide
on the electrode or even the electrolyte had been incorporated.

Generally, it could be shown that not only the oxygen, but also the reducing
species such as carbon monoxide and hydrogen drive the sensor voltage, espe-
cially in a rich exhaust environment, i. e., whereλ < 1. Thereby, the sensor
voltage is very sensitive to the ratio between H2 and CO. This was tested in the
exhaust of differently aged TWCs. The process model is able toreproduce this
sensitivity accurately.

If a switch-typeλ sensor is used to support an observer of the TWC, its
sensitivity to the ratio between H2 and CO should be taken into account. Hence,
this ratio should be reproduced by the TWC observer.

Wide-rangeλ sensors exhibit considerable offsets, which are dependenton
the exhaust gas composition, the operating point, and the ageing level. This
has been demonstrated by means of a comparison of the measured with the
calculatedλ, which was obtained from exhaust gas measurements. Unlike the
switch-typeλ sensor, the wide-rangeλ sensor cannot provide a robust and accu-
rate information about the stoichiometric point. Therefore, this type of sensor
has not been considered to be used downstream of the TWC throughout this
thesis.
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Converter

5.1 Introduction

In the last two chapters, detailed process models of the TWC and the switch-
typeλ sensor have been derived. These models reflect the physics accurately.
However, they are very complex and consume a considerable amount of CPU
resources. For a control system, these models are far too complicated and thus
have to be simplified substantially. Generally, the five mostimportant issues
concerning control-oriented modelling of an exhaust gas aftertreatment system
can be described as follows:

• Simplicity: The model has to be as simple as possible in orderto fit into
an engine control system, where CPU resources are limited.

• Accuracy of TWC model: The control-relevant states such as the level of
the stored oxygen or the reduction rates have to be estimatedaccurately.

• Accuracy of sensor model: In order to support state observers, e. g. a
Kalman filter, the sensor signal downstream of a TWC has to be mod-
elled properly. This requires, of course, an accurate estimation of the
components which drive the sensor output, such as O2, H2, or CO.

• Adaptability: Both TWC andλ sensors change their dynamical behaviour
during their lifetime because of ageing. The model should not only be
able to cope with ageing but also yield quantitative information about the
TWC’s state and performance.

• Applicability: A TWC model should be simple to apply and simple to
parameterise to different TWCs without the price of extensive measure-
ment campaigns.

In order to account for all stated issues, the use of a physical model is almost
compulsory. Therefore, it has been decided to develop a physical control-
oriented model of the TWC and theλ sensors from the process models pre-
sented in the previous two chapters.
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5 Observer of a Three-Way Catalytic Converter

A number of control-oriented models have been presented in the literature.
In [89], the TWC was modelled as an integrator representing the oxygen stor-
age. In [23], additionally saturation effects and asymmetric filling and deplet-
ing dynamics were introduced using nonlinear functions. A similar model was
presented in [6]. This model was derived from a very complex and accurate
TWC model presented in the same investigation. A model, whereapart from
the nonlinear filling and depleting dynamics also theλ sensor signal distortion
was taken into account, was presented in [81]. In [80], the importance of the re-
versible TWC deactivation by a presumably carbonaceous species was pointed
out.

The control-oriented model of the TWC and theλ sensor shall be imple-
mented in an observer. Hence, an accurate TWC model is not sufficient. Also
theλ sensor downstream has to be modelled properly, in order to obtain an esti-
mated sensor signal which is necessary to close the observerloop. The observer
developed in the following is an extended Kalman filter, which can be used as
a state estimator on the one hand and for online parameter estimation on the
other hand. Hence, the filter provides states such as the oxygen storage level
in the TWC, which will be controlled, and additionally estimates the oxygen
storage capacity, which can be used as a reference for the ageing of the TWC.
Naturally, the model adapts to the ageing level of the TWC. Theoretically, also
other diagnosis information such as the offset of the upstreamλ sensor could
be obtained from the extended Kalman filter. However, this has been found to
be impractical, and a much more elegant way to obtain this information from
the TWC controller will be presented.

In the following, a control-oriented model of the exhaust gas aftertreatment
system will be derived. In the second part of this chapter, this model is incorpo-
rated in an extended Kalman filter, which serves both as a state and parameter
estimator. It will be shown that the filter provides an excellent means of esti-
mating the storage capacity of the TWC.

An extended Kalman filter of the exhaust gas aftertreatment system has al-
ready been presented in [4]. However, the model presented there exhibits some
major differences as compared to the one developed here. In that publication,
it was assumed that the TWC deactivation is mainly caused by the occupancy
of the ceria by OH. This could not be verified. Especially the exhaust gas mea-
surements of water and hydrogen did not show the expected behaviour such as
peaks during the oxidation of an OH-layer. It was found that the assumption of
the deactivation by carbonaceous species agreed much better with the measured
exhaust gas components and the transient behaviour of the TWCin general1.

1The author wants to point out that the initial idea for this approach arose during a conversation
with Dr. James Peyton-Jones, Villanova University.
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Figure 5.1: Structure of TWC observer model.

This does not mean that OH is not present on the ceria, it just does not play the
role as a rate determining deactivator, as stated in the cited reference. Addi-
tionally, the model presented in this thesis has been significantly optimised in
terms of the calculation effort.

5.2 Control-Oriented Modelling of the
Exhaust Gas Aftertreatment System

The structure of the control-oriented model follows the physical setup. It is
shown in Figure5.1. The model is divided into three modules. The first module
contains the model of the raw exhaust gas, where the mole fractionsyi,exh of
the componentsi entering the TWC are calculated from the measuredλ value,
λexh. The second module consists of the TWC model. Here, the outletmole
fractionsyi,tp of the exhaust gas componentsi and the temperature at the TWC
outletTtp are calculated from the exhaust gas mass flowṁexh, the exhaust gas
temperatureTexh, and the mole fractions provided by the wide-rangeλ sensor
model. In the third module finally, which represents the switch-typeλ sensor,
the sensor voltage outputUλst is calculated from the temperature and the mole
fractions of the exhaust gas downstream of the TWC.

In the two preceding chapters it has been shown that the TWC deactivation
by HC plays an important role for two reasons. Firstly, it influences directly
the water-gas shift reaction, which has an impact on the amount of hydrogen
in the exhaust at the tail of the TWC. Hydrogen or rather the ratio between H2,
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CO, and HC in turn mainly drive the signal of the switch-typeλ sensor, if the
mixture is rich, i. e.,λ < 1. Secondly, the storage of HC, which is a slow pro-
cess as compared to the storage behaviour of oxygen, has a significant impact
on the general storage dynamics of the TWC. Therefore, the deactivation has
been accounted for in the control-oriented model. Since themodel is to be used
in an observer loop, the voltage output of the downstream switch-typeλ sen-
sor must be estimated accurately. This can only be achieved,if the hydrogen
concentration is accounted for, as has been shown in the previous chapter.

Apart from the accurate downstream sensor output, the modelhas to pro-
vide the quantities which are needed for control and diagnosis purposes. Any
TWC control strategy naturally aims at minimising the concentrations of NOx,
CO, and HC. One way to achieve this might be to develop a model,which ex-
plicitly calculates these concentrations, and then to derive an optimal control
strategy for the minimisation. A simpler approach is to balance the TWC to
a (steady) state, where disturbances of the air-to-fuel ratio both to the lean or
to the rich side can be buffered or at least damped to a satisfactory level. An
obvious approach is therefore to control the oxygen storagelevel of the TWC.
It is then sufficient that the control-oriented model provides the oxygen storage
level, rather than the explicit concentrations of NOx, CO, and HC.

As for the diagnosis, parameters are needed which reflect theperformance
of the TWC in terms of the conversion efficiency of NOx, HC, and CO. Again,
this might be achieved by directly estimating the concentrations of these three
species. However, another approach is to estimate the storage capacity, which is
assumed to be connected to the conversion efficiencies. A well-known assump-
tion is the so called “hockey-stick” function, which links the oxygen storage
capacity with the conversion efficiency of HC [46].

From the considerations above, it is apparent that the modelshould include
the following features:

• Oxygen storage level as a state variable.

• Storage level of a deactivating species as a state variable.

• Concentrations of hydrogen, oxidising and additional reducing species
as output variables (to feed the switch-typeλ sensor model).

• Storage capacity of the TWC as a model parameter.

Hydrocarbons only occur in small quantities as compared to CO, at least during
normal operation, i. e., after the TWC has lit off2. Hence, their influence on the

2Notice that this reasoning should be taken with care, if applied to natural gas engines, where
high amounts of methane may occur.
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sensor downstream of the TWC is limited. Therefore, the HC areincorporated
in the CO concentration. Catalyst deactivation is accounted for by means of CO
adsorption instead of HC adsorption, see Section5.2.3. NOx also occur only in
small quantities as compared to O2. Additionally, they always occur in parallel
and have a similar influence on theλ sensor. Therefore, they are included in
the O2 concentration. With this, only three components have to be accounted
for, namely CO, O2, and H2. The other components (H2O, CO2, and N2) only
vary little in the operating range of the engine. Additionally, they are present in
large quantities. Hence, their influence is not important, because it is roughly
constant, independent of theλ or the operating point of the engine.

In the following sections, the three modules are presented.At first, models
of the raw exhaust gas and of the switch-typeλ sensor are discussed. These
determine the inputs and outputs of the TWC model, which will be developed
in the third part. Additionally, a procedure for the calibration of the model will
be presented.

5.2.1 Control-Oriented Raw Exhaust Gas Model

In this module, the raw exhaust gas concentrations of CO, H2, and O2 are cal-
culated from the output of the wide-rangeλ sensor, which is located upstream
of the TWC. Hence, the module actually contains an “inverted”model of the
wide-rangeλ sensor.

Basically, the concentrations of the mentioned gas components could be ob-
tained from lookup tables, as in the process model. However,this is not a very
good approach for two reasons. Firstly, the use of lookup tables makes mea-
surements with exhaust gas analysers necessary. Secondly,these measurements
must be very accurate and consistent in terms of the air-to-fuel ratio. Naturally,
the model is very sensitive to errors and inconsistencies ofthe inlet concentra-
tions. This may lead to considerable offsets of the estimation of the storage
capacity. Notice that these errors cannot be corrected by the downstream sen-
sor, whereas a simple offset of the upstream sensor can be corrected because of
the accurate and stable position of the downstream sensor’sswitch.

A much better approach is the use of an exhaust gas model. It has been
found that a very simple model suffices and presumably is generally valid for
all modern port-injected spark-ignited gasoline engines.

In Figure3.6, profiles of measured raw exhaust gas components dependent
on λ have been shown. The only component which significantly changes with
the operating point is NO. The model only needs the sum of NO and O2, hence
this dependency does not have to be accounted for. Apart fromthe NO, all
other concentrations vary little with the operating point.
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Generally, it can be observed that the concentrations of reducing and oxi-
dising species decrease with higher temperatures because of a more efficient
combustion. This should be accounted for in the model, because it directly af-
fects the heat production in the TWC. The heat production is proportional to
the amount of reactants, i. e., oxidising and reducing species. Metaphorically
speaking, the less efficient the combustion was in the cylinder, the more has to
be burned in the TWC, which causes additional heat.

The second important point is the ratio between H2 and CO in the raw ex-
haust. It can be observed in Figure3.6 that the two concentration profiles are
roughly parallel, from which it can be concluded that their ratio remains ap-
proximately constant. This is hard to see from the measurements, because the
accuracy of the raw exhaust measurements is not very good, especially, when
the concentrations are very small. Fortunately, the TWC model is not very sen-
sitive to the ratio between H2 and CO in the raw exhaust gas. Therefore, a
constant ratio has been assumed in the model.

The calculation of the exhaust gas concentrations is simpleand straightfor-
ward. It is conducted in two steps. In a first step, only the excess rich or lean
concentrations, dependent on whetherλ is smaller or greater than 1, are calcu-
lated. In a second step, a model for the unburned components is developed.

If the engine is operated lean, and if the combustion is perfect, only oxidising
species remain in the exhaust. All these species are collected in the O2 here.
Hence, the O2 concentration can be calculated directly fromλ. If the gasoline
is assumed to be CαHβ and the ratio between O2 and N2 of the air is 21/79, the
combustion reaction can be expressed as follows:

1
(

α +
β

4

)

λ

CαHβ + O2 +
79

21
N2 →

νCO2
CO2 + νH2OH2O + νO2

O2 + νN2
N2 (5.1)

This equation can be easily extended, if humid air and a fraction of O in the
gasoline are assumed. This has been done in AppendixA.1 for the evaluation
of the exhaust gas measurements. Here, both have been neglected. From the
combustion reaction, the mole fraction of O2 can be derived directly:

yO2
=

νO2
∑

i=CO2,H2O,O2,N2

νi

=
1 − 1

λ
α + β/2

(α + β/4)λ
+

(

1 − 1

λ

)

+
79

21

(5.2)
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Likewise, this can be done on the rich side, i. e., whereλ < 1. Here, only CO
and H2 are present in the model. Their ratioφH2/CO is assumed to be constant.
Hence, both species can be determined fromλ. The combustion reaction is
now

1
(

α +
β

4

)

λ

CαHβ + O2 +
79

21
N2 →

νCO2
CO2 + νH2OH2O + νCOCO + νH2

H2 + νN2
N2 (5.3)

Again, the mole fractions of CO and H2 can be obtained directly from the
combustion reaction usingφH2/CO:

yCO =

2

1 + φH2/CO

(

1

λ
− 1

)

α + β/2

(α + β/4)λ
+

79

21

yH2
=

2φH2/CO

1 + φH2/CO

(

1

λ
− 1

)

α + β/2

(α + β/4)λ
+

79

21

(5.4)

With equations (5.2) and (5.4), the concentrations of excess O2 (λ > 1), or CO
and H2 (λ < 1) can be obtained fromλ. To these concentrations the species are
added, which occur because of incomplete combustion. To preserve the air-to-
fuel ratio, the amount of added O2 has to be stoichiometrically balanced to the
amount of added CO and H2. For the actual concentration profile, a heuristic
function has been found, which matches the measured profileswell. Tests have
shown that the accuracy of the concentrations is not critical. However, it is very
important that the final concentration profiles are consistent in terms of the air-
to-fuel ratioλ. The heuristic function of the additional concentration profile
can be expressed as follows:

∆yO2
= 0.5(∆yCO + ∆yH2

) =
ηcomb

1 + 10|λ − 1| (5.5)

ηcomb can be interpreted as an inverse combustion efficiency. If the combustion
is perfect, the factor becomes zero. The factor is dependenton the temper-
ature and has a strong impact on the energy balance of the TWC. It generally
decreases with increasing temperatures of the raw exhaust.A linear approxima-
tion of this dependency is sufficient. Thus,ηcomb can be expressed as follows:

ηcomb = aηcomb
+ bηcomb

·Texh (5.6)
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The two coefficientsaηcomb
andbηcomb

can be obtained from steady-state tem-
perature and mass flow measurements using the energy balanceequations. Al-
ternatively, their values can be derived from concentration measurements of the
raw exhaust gas.

Figure5.2 shows the comparison between the measured and the calculated
mole fractions of O2, CO, and H2. Notice that the measured O2 concentration
includes NO, and the CO includes HC. A ratio between H and C of two has
been assumed in the HC. Hence, the measured mole fractions ofO2 and CO
were obtained as follows:

yO2
= ymeas

O2
+

1

2
ymeas
NO (5.7)

yCO = ymeas
CO + 3ymeas

HC (5.8)

The parameters for the calculation ofηcomb have been obtained from the
exhaust gas measurements. They are given in AppendixD. The agreement is
sufficiently good. The deviations mainly occur from the inclusion of HC in
the CO concentration. This disturbs the ratio between CO andH2, especially,
where the concentrations are small, i. e., on the lean side. Theoretically, the
HC could also be divided into a fraction added to the H2 and the rest added
to the CO. However, in the TWC model, catalyst deactivation iscaused by the
adsorption of CO, unlike in the process model, where the adsorption of HC
deactivates the TWC. Therefore, it has been decided to fully include the HC in
the CO concentration. Since the deviation mainly occurs on the lean side, only
a limited impact on the performance of the control-orientedmodel has to be
expected.

5.2.2 Control-Oriented Model of a Switch-Type
λ Sensor

In Chapter4, a process model of the switch-typeλ sensor has been presented.
It has been shown that not only the oxygen concentration is important for the
sensor signal output, but also the concentrations of the reducing species. Espe-
cially H2 has been found to have a strong impact on the sensor voltage output,
particularly under rich conditions, i. e., whereλ < 1.

To derive a simple sensor model, a rather metaphorical approach is taken.
Following the results of the process model, it could be stated that the oxygen
ions are attached with a spring to the electrolyte and that the sensor voltage
corresponds to the drag of the spring. If the sensor is exposed to a “neutral”,
i. e., inert gas such as nitrogen, the springs are under a slight drag. The sensor
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Figure 5.2: Comparison of the measured and calculated raw exhaust gas concentrations.
The first column shows the concentrations at an exhaust gas temperature of 775 K, the
second at 830 K, and the third at 875 K.

shows a voltage output of approximately 300-400 mV. If the sensor is exposed
to a lean atmosphere with excess oxygen, the springs are released and the volt-
age drops. If exposed to reducing species, the oxygen ions are more attracted,
the springs are stretched and a high voltage results. These considerations can
be summarised with a simple mathematical formulation:

Uλst = Aλst + f(yCO, yH2
) − g(yO2

) (5.9)

Hence, if exposed to an inert gas, the sensor output isAλst. From here, CO or
H2 pull the voltage up, whereas O2 takes it down.

91



5 Observer of a Three-Way Catalytic Converter

An analysis of the measured exhaust gas components and the sensor voltage
output reveals that the sensor output is mainly correlatingwith the logarithm
of the exhaust gas components. This conclusion might also bedrawn from the
results of Chapter4. However, there, the voltage was calculated from the ad-
sorbed and not from the gaseous species. Hence, the functionsf andg in (5.9)
should contain the logarithms of the gas species’ mole fractions. If exposed
to a rich exhaust, i. e.,λ < 1, the sensitivity to H2 is dominant. However, if
no H2 is present, still voltage outputs of500 mV and more result, see [14].
This is considered by introducing a weighted sum of the CO andthe H2 mole
fractions. Additionally, the model should account for the fact that the sensor
output is temperature dependent, ifλ < 1, as has been shown in e. g. [73]. The
sensor voltage decreases with increasing temperatures. Although a heated sen-
sor was used here, it still exhibited a temperature dependence. This has been
covered by an Arrhenius Ansatz. If all these considerationsare accounted for,
the following sensor model results:

Uλst = Aλst

+ EA,λst · exp

(−EE,λst

ℜTtp

)

· log10(1 + BλstyCO + CλstyH2
)

− Fλst · log10(1 + DλstyO2
) (5.10)

The 1 in the logarithmic expressions is necessary to preventthe term from be-
coming negative. With a concentration of zero, the term should naturally be-
come zero, as well. Of course, also the natural logarithm could be used, the
parameters would have to be adjusted accordingly.

The use of the gas temperature downstream of the TWCTtp is a somewhat
crude simplification. In this investigation, a heated sensor was used, where the
heater was always on full power, i. e., the temperature was not controlled. A
much better approach would be the use of a temperature controlled sensor. Ad-
ditionally, the thermal model could be improved by accounting for the exhaust
gas mass flow in addition to the exhaust gas temperature. Withthis, a proper
heat balance could be calculated. However, the approach used here proved to
be sufficient for the laboratory environment, as will be shown further below.

The model cannot be applied to the concentrations directly.In the real sensor,
the exhaust gas is brought to a state close to the chemical equilibrium on the
catalytically active electrodes. The calculation of the equilibrium would be
far too complex here. Therefore, a simple approach has been taken. If the
mixture is lean, i. e., excess oxygen is present, the following “equilibrium”
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concentrations are used:

yeq
O2

= yO2
− 0.5(yH2

+ yCO)

yeq
CO = 0

yeq
H2

= 0 (5.11)

Under rich operation, i. e., with excess CO and H2, the calculation is a bit more
complicated, because CO and H2 are oxidised simultaneously by the remaining
O2. Hence, a weighting factorweq

λst has to be introduced:

yeq
O2

= 0

yeq
CO = max (yCO − 2 (1 − weq

λst) yO2
+ min (yH2

− 2weq
λstyO2

, 0) , 0)

yeq
H2

= max (yH2
− 2weq

λstyO2
+ min (yCO − 2 (1 − weq

λst) yO2
, 0) , 0)

(5.12)

If weq
λst is 0, the remaining O2 in a rich gas only oxidises CO. If the factor is 1,

only H2 is oxidised. The probably somewhat unexpected “min” expression is
necessary to cover the case, when the mixture is rich, but theO2 concentration
still is greater than one of the weighted CO or H2 concentrations. In all simula-
tions, it was assumed that CO is oxidised more efficiently at the electrode than
H2. Therefore,weq

λst was chosen as follows:

weq
λst =

0.3yH2

0.3yH2
+ yCO

(5.13)

The response time of the sensor is assumed to be well below100 ms. Consid-
ering the relatively slow dynamics of the exhaust gas composition downstream
of the TWC, the sensor dynamics can be neglected. Thus, an algebraic model
as presented should be sufficient.

Simulation Results vs Measurements

The sensor model has been tested both with steady-state and transient mea-
surements. The parameters have been obtained using a least-squares algorithm.
They are depicted in AppendixD.1.

In order to test the model against both varying exhaust gas compositions
and temperatures, measurements of all TWCs under different engine operating
conditions were used. Thereby, the sensor voltage output was calculated from
the measured exhaust gas concentrations using (5.11), (5.12), and (5.10).

Figure5.3shows the measured and the modelled steady-state sensor voltage
output downstream of different TWCs at the same engine operating point and
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Figure 5.3: Calculated an measured switch-typeλ sensor voltage output in steady-
state conditions. The upper graph shows the output downstream of TWCs1, 3,
and 5 (aged at1100 ◦C, 900 ◦C, and fresh, see Section2.5). The lower graph
shows one TWC at different engine operating points, which are (speed/load/raw ex-
haust temperature) (1)1250 rpm/25 %/440 ◦C, (3) 1750 rpm/35 %/570 ◦C, and (5)
2500 rpm/50 %/680 ◦C.

downstream of one TWC at different engine operating points. The agreement is
very good. It can be clearly seen that the model accounts bothfor the sensitivity
towards varying exhaust gas compositions (different TWCs) and temperatures
(different engine operating points). However, one small drawback is the be-
haviour close to the stoichiometric point on the lean side (λ > 1). Here, the
model is somewhat too sensitive. This might be a consequenceof the rather
rigourous “equilibrium” calculation (5.11–5.12). Tests have shown that care
should be taken, if the model is to be used in the raw exhaust. In that case, an
improved equilibrium model should be applied.

In Figure5.4 measured and modelled sensor voltage outputs duringλ steps
are shown for all TWCs under various engine operating points.Again, the
agreement is very good, although the sensor model is algebraic. This confirms
the assumption of slow exhaust gas composition dynamics as compared to the
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Figure 5.4: Calculated an measured switch-typeλ sensor voltage output in transient
conditions.λ of the raw exhaust is switched from 1.03 to 0.97 at10 s and back to 1.03
at40 s. TWC 1 refers to a considerably aged TWC, TWC 5 is fresh, see Section2.5. The
operating points are (speed/load/raw exhaust temperature) (1)1250 rpm/25 %/440 ◦C,
(3) 1750 rpm/35 %/570 ◦C, and (5)2500 rpm/50 %/680 ◦C.

95



5 Observer of a Three-Way Catalytic Converter

sensor dynamics. In some points, the agreement is somewhat deteriorated dur-
ing theλ steps, especially for the TWC 3. The reason for this is most likely an
offset in the exhaust gas measurements, since this error only occurs here. No-
tice that already very small errors in the measured exhaust gas concentrations
can lead to a delayed or accelerated switching behaviour, because the concen-
trations of all relevant species are very low during the transition phase from
lean to rich or vice versa.

From the results, it can be concluded that the proposed switch-typeλ sensor
model is certainly suitable for the use in an observer. It is also clear that the
concentrations of O2, CO, and H2, and additionally the gas temperature have
to be provided by a preceding TWC model. This is the task of the next section.

5.2.3 Control-Oriented Model of a TWC

In Chapter3, a process model has been derived, which is able to correctlyre-
flect the behaviour of the TWC both in terms of the oxygen storage effects and
the water-gas shift reaction with its deactivation by coking. Also, the chang-
ing behaviour over the TWC’s lifetime was reproduced correctly. Therefore, a
considerably simplified model of the TWC based on the process model shall be
derived here, which accounts for the mentioned phenomena, but also is suffi-
ciently simple to fit in a control system.

In the previous section, it has been shown that the O2, CO, and H2 concen-
trations should be provided by the TWC model. Additionally, the outlet tem-
peratureTtp should be calculated accurately. For control purposes, themodel
should provide an information about the oxygen storage level. Last but not
least, one or two parameters should characterise the TWC’s ageing level. From
the process model it is clear that the storage capacity is a very suitable param-
eter for this task.

In order to keep the model transparent and easy to parameterise, the use
of look-up tables or other heuristic elements is avoided, asfar as possible.
The ultimate goal is to find a model which can be parameterisedautomatically
with few standardised measurements, which can be taken on a production type
engine and/or car, i. e., without special exhaust gas measurement equipment.
Therefore, the model will be kept to theλ sensor relevant components O2, CO,
and H2. However, an extension to NO and HC is straightforward and relatively
easy to implement because of the transparent structure of the model.

Kinetic and Thermodynamic Model

The control-oriented model has been derived from the process model. Start-
ing point is therefore the set of chemical reactions, which are accounted for.
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As has been discussed above, NO and HC are incorporated in theO2 and CO
concentrations. Therefore, all reactions, where these species are involved, are
eliminated. Furthermore, only one storage capacity shall be assumed to be
present, i. e., the noble metal and the ceria are “merged”. Ina first step, oxygen
adsorption and depletion by CO and H2 are accounted for. However, it is as-
sumed that only oxygen adsorbs. Its reduction by CO and H2 is incorporated by
means of Eley-Rideal mechanisms. This can be formulated with the following
three chemical reactions:

1

2
O2(g) + ∗ → O∗ (5.14)

O∗ + CO(g) → ∗ + CO2(g) (5.15)

O∗ + H2(g) → ∗ + H2O(g) (5.16)

∗ stands for a vacant site on the catalyst surface.O∗ denotes adsorbed oxygen.

In the process model, water adsorption and dissociation wasdependent on
the availability of vacant surface sites both on the noble metal and on the ceria.
Here, only one catalyst surface has been accounted for. Since only oxygen ad-
sorption has been considered so far, the water dissociates directly into adsorbed
oxygen and gaseous hydrogen:

H2O(g) + ∗ → O∗ + H2(g) (5.17)

Catalyst deactivation occurs from the adsorption of HC. Since these have been
included in the CO concentration, CO adsorption is introduced. In the process
model, only the deactivation of the noble metal surface had been considered.
Here, only one type of surface is accounted for, which also contains the far
greater ceria surface. Therefore, it is assumed that the adsorbed CO occupies
a number ofηCO sites instead of only one. WithηCO being equal to 12, the
best results were obtained. The adsorbed CO has to be oxidised under lean
operation. This is again accounted for by means of an Eley-Rideal mechanism:

CO(g) + ηCO∗ → COηCO∗ (5.18)

COηCO∗ +
1

2
O2(g) → CO2(g) + ηCO∗ (5.19)

The calculation of the reaction rates is straightforward. All reaction rate con-
stants are calculated using the Arrhenius-Ansatz. This is also the case for the
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adsorption reactions. Hence,

rads
O2

= k1c
wc
O2

θV

rred
CO = k2c

wc
COθO

rred
H2

= k3c
wc
H2

θO

rads
H2O = k4θ

2
V

rads
CO = k5c

wc
COθV

rox
CO = k6c

wc
O2

θCO

θV denotes the fraction of vacant sites, i. e.,1 − θO − θCO. cwc
i stands for

the concentration of the speciesi in the washcoat.ki denotes the reaction rate
coefficient and is defined following the Arrhenius Ansatz:

ki = Ai exp

(−Ei

ℜTs

)

, i = 1 . . . 6

(5.20)

Notice that the adsorption rate of H2O is of second order inθV . Additionally,
it is independent of the water concentration, which is assumed to be constant
and thus has been included in the pre-exponential factorA4.

With these reaction rates, the balance equations for the occupancies of O and
CO can be expressed as follows:

∂θO

∂t
= rads

O2
− rred

CO − rred
H2

+ rads
H2O (5.21)

∂θCO

∂t
= ηCO

(

rads
CO − rox

CO

)

(5.22)

The thermodynamic model has been derived from the process model. Starting
point is the set of mass balance equations for the species in the channel and
in the washcoat and of the energy equations for the solid and the gas phases,
see Section3.3.1. For convenience, the equations are repeated here. The mass
balance for the gas channel reads

̺gε
∂wi

∂t
= εDeff

∂2wi

∂z2
− ṁexh

Acs

∂wi

∂z
− DiAgeo(̺gwi − ̺wcvi)

+ wi

∑

j

DjAgeo(̺gwj − ̺wcvj)
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For the washcoat, the mass balance is

̺wcεεwc
4
√

3Dwc

Dchan

∂vi

∂t
= DiAgeo(̺gwi − ̺wcvi)

− vi

∑

j

DjAgeo(̺gwj − ̺wcvj)

+ ∆ri − vi

∑

j

∆rj

In a first step, the mass balance for the species in the channelis simplified as
follows: Since only three components are accounted for, thelast term, which
accounts for errors in the total mass balance due to inconsistent radial diffusion,
is neglected. Additionally, axial diffusion is neglected,as well. The model is
discretised along the flow axis into a small numbernc of cells. This number
remains to be determined. If the mole concentrationscch

i and cwc
i are used

instead of the mass fractionswi andvi (by dividing the equation with the molar
massMi), the balance equation for cellj becomes

ε
VTWC

nc

∂cch
i,j

∂t
= −V̇

(

cch
i,j − cch

i,j−1

)

− VTWC

nc
DiAgeo

(

cch
i,j − cwc

i,j

)

(5.23)

VTWC denotes the total volume of the TWC,V̇ is the volumetric flow of the
exhaust gas.cch,j−1

i stands for the concentration of speciesi in the preceding
cell or at the TWC inlet, ifj = 1. The other quantities are identical with the
ones in the process model.

The mass balance for the species in the washcoat is simplifiedin a similar
manner. Again, the correction terms for the radial transport phenomena are ne-
glected, and instead of mass fractions, mole concentrations are used. This leads
to the following expression for the mass balance for speciesi in the washcoat:

εεwc
4
√

3Dwc

Dchan

∂cwc
i,j

∂t
= DiAgeo

(

cch
i,j − cwc

i,j

)

− rsorption,i,j ·SC (5.24)

SC is the storage capacity of the TWC in mol/m3.
Of course, the explicit application of these balance equations would lead to a

considerable consumption of CPU power, both because of the high number of
state equations and because a very stiff system would be obtained. Generally,
it has been found that the dynamics of the gas species are muchfaster than the
ones of the oxygen storage and the deactivation. Therefore,the mass balance
equations (5.23) and (5.24) can be applied as static equations. This is done by
setting the left-hand side of the two equations to zero, isolating the washcoat
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concentrationscwc
i,j in (5.24), and inserting in (5.23). After some algebra the

following terms are obtained for both the channel and the washcoat concentra-
tions of O2, CO, and H2:

cch
O2,j =

V̇relc
ch
O2,j−1

V̇rel + DO2

(

1 − DO2

DO2
+ 0.5 (k1θV,j + k6θCO,j) SC

)

cch
CO,j =

V̇relc
ch
CO,j−1

V̇rel + DCO

(

1 − DCO

DCO + (k2θO,j + k5θV,j) SC

)

cch
H2,j =

V̇relc
ch
H2,j−1 +

DH2
k4θ

2
V,jSC

DH2
+ k3θO,jSC

V̇rel + DH2

(

1 − DH2

DH2
+ k3θO,jSC

)

cwc
O2,j =

DO2
cch
O2,j

DO2
+ 0.5 (k1θV,j + k6θCO,j) SC

cwc
CO,j =

DCOcch
CO,j

DCO + (k2θO,j + k5θV,j) SC

cwc
H2,j =

DH2
cch
H2,j + k4θ

2
V,jSC

DH2
+ k3θO,jSC

(5.25)

where

Di = DiAgeo

V̇rel =
V̇

VTWC/nc

With these equations, both the washcoat and the channel concentrations can be
calculated from the occupancies and the temperatures. The channel concen-
trations of the last cell are the actual output variables which are fed into the
switch-typeλ sensor model. The washcoat concentrations in turn are used for
the calculation of the reaction rates.

The temperatures are calculated from the energy balance equations for the
gas phase and for the solid phase. Again, the starting point is the TWC process
model. The two balance equations are repeated here for convenience. The
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equation for the solid phase reads

̺s (1 − ε) cs
∂Ts

∂t
= (1 − ε) λs

∂2Ts

∂z2
− αAgeo (Ts − Tg)

+ Acat

∑

k

−∆Hk ·Rk

The corresponding equation for the gas phase is

̺gεcp,g
∂Tg

∂t
= ελg

∂2Tg

∂z2
− ṁexh

Acs
cp,g

∂Tg

∂z
+ αAgeo (Ts − Tg)

The dynamics of the exhaust gas temperatureTg are expected to be much faster
than the one of the solid temperatureTs. The reason for this is the convection,
which accounts for an efficient distribution of the heat in the axial direction.
In the solid phase, however, only heat conduction is present, which is much
less effective. Hence, the dynamics of the exhaust gas temperature are ne-
glected. Additionally, heat conduction in the gas phase is also assumed to be
of minor importance and therefore left out. Introducing thevolume of one cell,
VTWC/nc, the remaining energy balance of the gas phase can be used to ob-
tain the exhaust gas temperatureTg,j of the cell j by means of an algebraic
equation:

Tg,j =

ṁexh

VTWC/nc
cp,gTg,j−1 + αAgeoTs,j

ṁexh

VTWC/nc
cp,g + αAgeo

(5.26)

Tg,j−1 denotes the gas temperature of the preceding cell. In the first cell,Tg,j−1

stands for the inlet gas temperature.
The dynamics of the solid temperatureTs are accounted for in the model.

The solid energy balance equation of the process model is notsimplified, since
all terms are considered. However, the second derivative ofthe temperature
has to be discretised, which is done with a backward difference scheme. When
all cells have the same lengthdz, the term can be expressed for the cellj as
follows:

∂2Ts,j

∂z2
≈ Ts,j−1 − 2Ts,j + Ts,j+1

dz2
(5.27)

As for the boundary conditions, the gradient of the solid temperature is assumed
to vanish. Hence,

∂2Ts,j

∂z2
≈ −Ts,j + Ts,j+1

dz2
, if j = 1

∂2Ts,j

∂z2
≈ −Ts,j + Ts,j−1

dz2
, if j = nc
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Since only two global oxidation reactions occur, only the reaction enthalpies
for the CO oxidation,∆HCO2

and the H2 oxidation,∆HH2O are needed. The
fact that NO and HC are included in the O2 and CO concentrations has been
neglected. Notice that∆HCO2

here denotes the reaction enthalpy, i. e., the
difference of the enthalpies of CO2 and CO (the one of O2 is zero). The reaction
enthalpy of the oxygen storage in the ceria has been neglected.

Since a considerable amount of heat is lost by convection andradiation, a
heat convection term must be included as follows:

∆Ėloss = αTWC(Ts − Tamb)
ATWC

VTWC
= αTWC(Ts − Tamb)

4

DTWC
(5.28)

αTWC denotes the heat transfer coefficient from the TWC to the ambient air.
ATWC is the outer TWC surface,DTWC stands for the diameter of the TWC.
Notice that the heat loss term∆Ėloss is expressed in specific form, i. e., with
the unit W/(Km3).

In this investigation, all experiments have been conductedon an engine test
bench without an external airstream. Therefore, only the temperature difference
between the solid phase and the ambient has been accounted for. In a vehicle,
the air flow around the TWC, which is dependent on the vehicle speed, should
be considered, because it enhances the heat loss.

With all these assumptions, the energy balance of the solid phase for the cell
j can be expressed as follows:

∂Ts,j

∂t
=

(1 − ε)λs
Ts,j−1 − 2Ts,j + Ts,j+1

dz2
− αAgeo(Ts,j − Tg,j)

̺scs(1 − ε)

+
SC ((−r2 − r6) ∆HCO2

+ (−r3 + r4) ∆HH2O)

̺scs(1 − ε)

−
αcat(Ts,j − Tamb)

4

DTWC

̺scs(1 − ε)
(5.29)

The complete TWC model is described with equations (5.21), (5.22), (5.25),
(5.26), and (5.29). With the TWC discretised intonc cells, a number of3nc

state variables results. The model geometry parameters arethe same as in the
process model. For the kinetic parameters and the storage capacities, a tuning
procedure has been developed which will be described in detail in Section5.3.
There, also the number of cells will be discussed.

A fundamental difference to many models presented in the literature is the in-
troduction of a state variable which accounts for the TWC deactivation. This is
necessary for two reasons. Firstly, the estimation of the oxygen storage capac-
ity is more accurate, since also the storage of reducing species and the water-gas
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shift reaction are accounted for. Especially the latter cansignificantly distort
an estimation of the oxygen storage capacity, which is basedon the signals of
upstream and downstreamλ sensors, see [3]. Secondly, the TWC deactiva-
tion influences the ratio between H2 and CO, and additionally changes over the
TWC’s lifetime due to the changing TWC storage capacity. This ratio distorts
theλ sensor signal, as has been shown in the previous section.

At first sight, the model appears to be somewhat complicated as compared
to other models presented in the literature. However, additional phenomena are
covered and so far no heuristic nonlinear function such as a lookup table has
been introduced. In fact, it will be shown that the tuning of the parameters is
very simple and can be performed on a standard production-type engine. The
very transparent structure of the model makes extensions orsimplifications easy
to implement.

5.3 Model Calibration

The parameter set of the model can only partly be obtained from geometri-
cal and thermodynamical considerations. For an accurate set of the kinetic
parameters, the storage capacities, and some thermodynamical parameters, a
calibration procedure has been developed. A relatively small set of standard-
ised measurements is necessary, from which all parameters can be obtained by
means of minimising the error between the measured and the simulated switch-
typeλ sensor and/or the measured exhaust gas components, if available. The
goal of the procedure is to keep the necessary interaction with the application
engineer as low as possible, i. e., to provide a fully standardised and automated
method for the calibration of the model.

The method proposed in the following is only one possibilityof how to fulfill
the task. Depending on the needs, the procedure can of coursedeliberately be
modified. The important point is the methodology and flexibility, which allows
an easy and quick adaptation of the model to different systems, purposes, or a
modified set of parameters.

The following set of parameters have to be obtained by calibration:

• Kinetic parameters: This includes the six pre-exponentialfactorsAi and
activation energiesEi. Additionally, the number of occupied sites by
CO (ηCO) has to be obtained. However, it is expected that this parameter
does not change and has therefore not been included in the procedure.

• Storage capacities: The storage capacitiesSC for different ageing levels
have to be obtained simultaneously with the kinetic parameters for con-
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sistency reasons. Later, a method will be presented, how these can be
obtained online by means of an extended Kalman filter.

• Heat transfer coefficient between the TWC and the ambient air,αcat:
This is one of the typical “additional” parameters, which have been in-
cluded here, because its physical reasonable value is somewhat difficult
to estimate due to the heterogenous structure of the TWC, the insulation
material, and the steel canning. This demonstrates, how themethod can
be deliberately extended to almost any parameter.

A possible approach could be to use an existing driving cycle, which covers
a large area of operating points, and then fit the parameters such that the rel-
evant signals such asλ sensor outputs, temperatures, and concentrations are
matched. Thereby, at least two major problems arise. Firstly, it is very difficult
to reliably estimate a large set of parameters (here: 13 plusthe storage capac-
ity) simultaneously. Secondly, the sensitivities to the different parameters have
to be accounted for. The model is extremely sensitive to the activation energies
as compared to the pre-exponential factors.

To avoid these problems, a different approach was chosen. Thereby, data sets
are used, where only the air-to-fuel ratioλ is excited, whereas the engine speed,
the load conditions, and the temperatures remain roughly constant in one set.
Instead ofAi andEi, the reaction constantski, see (5.20), are obtained. In a
second step, the required parametersAi andEi are calculated from the temper-
atures using a curve fit algorithm. This allows additionallyto check, whether
the Arrhenius-Ansatz is suitable, and if the reaction scheme really covers the
most important phenomena.

The data sets consist of two parts per operating point.λ is excited with
switches between rich and lean starting with long periods (30 s). The periods
are then shortened in steps down to1 s. Each of the two parts uses the same
periods, butλ amplitudes of± 1% and 3%. Figure5.5 shows an example of
one data set with the signals of the wide-rangeλ sensor at the inlet of the TWC
and of the switch-typeλ sensor at the outlet. The measurements have been
taken at five engine operating points which are depicted in Table 5.1. Thereby,
the following signals are recorded:

1. λ at the TWC inlet and outlet (switch-typeλ sensor).

2. Temperatures at the TWC inlet and outlet.

3. Engine speed and air mass flow.

4. Concentrations of NO, HC, H2, CO, and O2
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Figure 5.5: Example of aλ and switch-typeλ sensor measurement for the model cal-
ibration. λ is switched between 3% rich and 3% lean, in the first part every30 s, then
every5 s, followed by2 s and1 s. The measurement has been taken at operating point
3 with the moderately aged (at900 ◦C) TWC .

Table 5.1: Operating points, where the model calibration measurements were taken.

Nr. Engine Engine Exhaust gas
speed load temperature
[rpm] [%] [K]

1 1250 25 715
2 1500 30 780
3 1750 35 835
4 2000 40 880
5 2500 50 950

All values are approximate mean values over the whole measurement.
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The concentration measurements are not necessary. However, they have been
taken here in order to evaluate the performance of the model and the calibration
procedure.

At each engine operating point, the parameters can now be obtained by min-
imising the sum of squares of the sampled error between measured and simu-
lated switch-typeλ sensor voltages, temperatures, or concentrations. For the
minimisation, for example the nonlinear leastsquares algorithm “lsqnonlin” of
the MatlabTM Optimization Toolbox [64] can be used.

The kinetic parameters and storage capacities can be obtained by minimising
the errors of the switch-typeλ sensor signal or the concentrations of O2 (in-
cluding NO), CO (including HC), and H2. The advantage of the concentration
measurements is the linearity of the error at any concentration level. However,
especially for small concentrations, the relative accuracy of the measurements
is decreasing. Unfortunately, small concentrations occurduring the transition
between rich and lean mixtures. This transition however, isvery important for
the estimation of the storage capacity. This problem can be overcome with
the switch-typeλ sensor, which provides a very accurate information about the
transition, i. e., the moment, when the exhaust gas at the TWC outlet turns rich
or lean. The major disadvantage of the sensor, however, is the nonlinearity of its
signal. The errors occurring from bad transition timing aremuch overweighed
as compared to the errors during a rich or lean phase.

A practical solution is to use either a combination of the switch-typeλ sen-
sor and the concentration measurements or a combination of the sensor signal
in the direct form and in a linearised form. This can be obtained by inverting
the control-oriented model (5.10), which has been presented in Section5.2.2.
Thereby, the “equilibrium” concentration of O2 can be calculated, if the sensor
voltage is below the inert valueA, or a weighted sum of the H2 and CO con-
centrations is obtained, if the voltage is greater thanA. Mathematically, this
can be expressed as follows:

Uλst,lin = yH2
+

B

C
yCO − yO2

=
1

C









10∧









max(Uλst − A, 0)

EA exp

(−EE

ℜTtp

)









− 1









− 1

D

[

10∧
(

max(A − Uλst, 0)

F

)

− 1

]

(5.30)

With the combination of the linearised and the measured switch-typeλ sensor
signals, the use of concentration measurements is not necessary anymore. This

106



5.3 Model Calibration

simplifies the calibration of the model substantially. Of course, this method
relies on the accuracy of the sensor model. Therefore, it is always advantageous
if concentration measurements are available for monitoring purposes.

As has been mentioned already, it is impractical to obtain all parameters
simultaneously. The problem is that the influence of the parameters is not en-
tirely orthogonal, i. e., some parameters may exhibit slight dependencies. For
example, the storage capacities and the adsorption parameters are not entirely
independent. The adsorption or storage rate might be influenced by both param-
eters. It is thus very important that the set of measurementsfor the calibration
provides sufficient excitation in order to separate the influences of closely re-
lated parameters. This can be obtained by providing measurements covering
a wide range of engine operating points with TWCs at differentageing levels.
With the latter, the influence of the storage capacity can be separated from the
storage rates.

The calibration of the model has been performed with TWCs at five different
ageing levels (see Chapter2) and with a set of five different operating points
as depicted in Table5.1. Thereby, the parameters were calibrated iteratively in
the following order:

1. Kinetic parametersAi/Ei and storage capacitiesSC (minimising switch-
typeλ sensor error)

2. Storage capacitiesSC only (minimising switch-typeλ sensor error)

3. Heat transfer coefficient between the TWC and the ambient air, αcat

(minimising temperature error)

4. Kinetic parametersAi/Ei only (minimising switch-typeλ sensor error)

5. Storage capacitiesSC only (minimising switch-typeλ sensor error)

6. Kinetic parametersAi/Ei only (minimising switch-typeλ sensor error)

7. Storage capacitiesSC only (minimising switch-typeλ sensor error)

For all parameters, good initial guesses were available. Ifonly poor values are
available, more iterations should be included.

Validity of the Model over TWC Ageing

It has been assumed that the storage capacity is constant forall operating points.
Additionally, it is the only parameter which is assumed to change with the
ageing of the TWC. In the following, these two assumptions will be assessed.
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Figure 5.6: Estimated storage capacities of differently aged TWC at the five engine
operating points. TWC 1 refers to the most aged, TWC 5 to the fresh TWC.

In the literature, it has been reported that the oxygen storage capacity is de-
pendent on the temperature [51]. However, usually the “phenomenological”
oxygen storage capacity is addressed. This means that the storage capacity is
estimated upon comparison of the input and the output measurements of oxy-
gen orλ during λ transients. This storage capacity is not identical with the
one used here, i. e.,SC. The point is that the here used “physical” storage
capacity is not necessarily fully exploited. In other words, it is possible that
the catalytically active surface is not fully covered with oxygen during a lean
phase or not completely empty during a rich phase. Additionally, storage of
reducing species is accounted for here. Both phenomena are dependent on the
temperature, which leads to a different oxygen input/output behaviour. Hence,
the statement thatSC is independent of the temperature does not a priori con-
tradict the results presented in the literature.

Figure5.6 shows the storage capacity of the five different TWC which has
been estimated with the method described in the previous section at various
engine operating points. At each point, the storage capacity has been obtained
independently. Although slight variations are apparent, no trend indicating a
temperature dependence is visible. The variations are moresignificant with a
largerSC. From the diagnosis point of view this is of minor importance, since
only close to the point, where the conversion rates of the TWC and the storage
capacity are small, an accurate estimate is required. It hasbeen concluded that
the parameterSC is indeed independent of the engine operating point.
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Figure 5.7: Kinetic parameters independently obtained for the five different TWCs. “op”
refers to the parameter which was obtained independently at each operating point. “fit”
is the corresponding curve fit following the Arrhenius Ansatz. TWC 1 is most aged,
TWC 5 is fresh.

In order to demonstrate the general validity of the TWC model over the
TWCs lifetime, the kinetic parameters have been estimated independently for
all five differently aged TWCs. The result is presented in Figure 5.7. Thereby,
the storage capacitiesSC have been used, which have been obtained from the
overall calibration procedure including all TWCs simultaneously. The obtained
parameters exhibit astonishingly little variation. Only the adsorption of oxygen
(reaction 1) appears somewhat scattered as compared to the other parameters.
The reason for this is assumed to be the strong connection of the oxygen stor-
age capacity with this parameter. Already small offsets ofSC may lead to
significant variations of this parameter. Under this premise, the variation of the
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Figure 5.8: Residuals at Operating points (OP) 1-5 with 1, 2, 3, and 5 cells. All TWC
ageing levels have been considered in the accumulated residuals.

parameter is acceptable.
These two tests have shown that the kinetic parameters are roughly valid

throughout the TWCs lifetime and that the storage capacity isindependent of
the temperature. This is an important prerequisite for the online estimation of
the storage capacity, which will be presented in Section5.4.

Number of Discrete Cells

The TWC model has been derived from one-dimensional partial differential
equations. To transpose this distributed model to a lumped parameter model, it
has been discretised along the flow axis into finite elements.Since every ele-
ment or cell is described with three state variables, their number should be kept
as low as possible. The model has been tested with different numbers of cells
on all TWCs in order to determine a configuration, which provides sufficiently
accurate results without a too high grade of complexity. Thereby, the accumu-
lated residuals between measured and simulated transientsof the switch-type
λ sensor have been calculated. Both the linearised and the actual sensor sig-
nals have been accounted for. Notice that already relatively small disturbances
of the measurements can influence the residuals considerably. Therefore, only
significant variations of the residuals are actually meaningful. The accumulated
residuals are shown in Figure5.8. It can be clearly seen that the model with
one cell exhibits a significantly increased residual as compared to the other con-
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figurations. For operating points 1-3 the residuals decrease with an increasing
number of cells, as expected. This is not the case for the two other operating
points. The reason is that the transitions between the rich and the lean phases
are very fast and thus, their influence on the residual decreases. Hence, operat-
ing points 1-3 should be focused on for the test. It can be seenthat more than
three cells do not significantly improve the result anymore.Therefore, three
cells have been assumed to be a reasonable choice for the model.

5.3.1 Simulation Results vs Measurements

Figures5.9–5.11 show measured and simulated switch-typeλ sensor signals
during λ excitations of 3% around stoichiometry at the five differentengine
operating points according to Table5.1. Generally, the agreement is very good.
Both the dependencies on the engine operating point and on the storage capac-
ity, which considerably influences the high frequency behaviour, are reflected
well by the model. Notice that only the storage capacitySC has been varied to
obtain the simulation results for the three differently aged TWCs.
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Figure 5.9: Comparison of the measured and the simulated switch-typeλ sensor signal
downstream of the considerably aged (at1100 ◦C, see Section2.5) TWC at all engine
operating points (OP).
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Figure 5.10: Comparison of the measured and the simulated switch-typeλ sensor signal
downstream of the moderately aged (at900 ◦C, see Section2.5) TWC at all engine
operating points (OP).
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Figure 5.11: Comparison of the measured and the simulated switch-typeλ sensor signal
downstream of the fresh TWC at all engine operating points (OP).
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Figure 5.12: Comparison of the measured and the simulated tailpipe temperatureTtp

downstream of the moderately aged (at900 ◦C, see Section2.5) TWC at all engine
operating points (OP).

Figure5.12shows the measured and simulated tailpipe temperaturesTtp at
the five different engine operating points in comparison. The agreement is gen-
erally good. However, since the engine operating point remains constant during
the measurements, this test is not very meaningful. Therefore, an example of an
FTP cycle measurement is depicted in Figure5.13. Both the measured and sim-
ulated tailpipe temperatures and switch-typeλ sensor voltages are shown. For
reference, the engine speed and the measured TWC inletλ are also displayed.

The agreement of the temperatures is good, except, where fuel cut-offs occur
with an adjacent engine idle phase (e. g. between130 s and170 s). Here, the
thermal inertia of the TWC and the canning is obviously not refleced very well
in the model. However, the error remains within a limited band. Hence, the
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Figure 5.13: Comparison of the measured and the simulated switch-typeλ sensor signal
and the temperature downstream of the fresh TWC during a part of an FTP cycle.

accuracy of the temperature model is sufficient for the control-oriented model.
If, however, some improvements are necessary, they have to consider the spe-
cific setup of the exhaust gas aftertreatment system. In thatcase, the convection
around the TWC canning and the heat transfer through the insulation should be
accounted for.

The agreement of the switch-typeλ sensor signals is satisfactory. When eval-
uating the performance of the model just from the visual impression, it should
be considered that close to stoichiometry, already very small disturbances in
the inletλ lead to a significant offset of the switch-typeλ sensor voltage out-
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put because of the nonlinear characteristic. With this challenge and the partly
significant simplifications in the model in mind, the agreement of the measured
and the simulated sensor signals can be considered good. Forthe purpose of
diagnosis and control, the model can therefore be expected to be sufficiently
accurate.

5.4 Online Adaptation Strategy

The ageing of the TWC is reflected in the model with the storage capacitySC
which decreases over the TWC’s lifetime. All other parameters are assumed to
remain constant. It is intuitively clear that the storage capacity is strongly con-
nected to the TWC’s dynamics. Hence, the determination ofSC is important
from the point of views of both diagnostics and control. As for the former, the
ageing level of the TWC can be determined or better, the knowledge ofSC can
be used to evaluate the TWC’s performance. As for the latter, the controller can
be adjusted to the changing dynamics of the TWC.

Of course, the estimation ofSC should be performed autonomously by the
control unit during operation, i. e., an online adaptation algorithm is required.
The adaptation should be sufficiently fast, since a “bad” TWC should be de-
tected within one driving cycle, such as FTP. This has to be done from an
arbitrary initial value ofSC, since the TWC might be exchanged or damaged
between two engine starts. The same is true from the point of view of the
controller. A fast and accurate adaptation to the “true”SC is essential for the
correct estimation of the controlled internal state variables such as the oxygen
storage level.

A concept which estimates both the internal state variablesby means of an
observer and additionally provides the online identification of certain param-
eters is the extended Kalman filter (EKF). Since this filter handles nonlinear
models, it is a suitable choice for the described tasks. In the following, an
EKF will be derived, which makes use of the control-orientedmodel presented
above. Aspects such as numerical issues and excitation willbe addressed, as
well as possibilities for the extension to other parameters, such as sensor off-
sets. Finally, some results of the application in an FTP cycle will be presented.

5.4.1 Extended Kalman Filter for the TWC

A large number of very instructive and detailed books and papers on extended
Kalman filters exist in the literature, see [102], [56], or [99]. Therefore, only a
short summary of the algorithm shall be given here.
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Consider a process described by the nonlinear state-space equations

ẋ = f(x,u) + w

y = h(x,u) + v (5.31)

y, x, andu denote the output, the state and the control input vectors, respec-
tively. w stands for the process noise,v for the measurement noise.v andw

are uncorrelated, zero-mean white noise processes with covariance matricesQ
andR, respectively:

Q = E
[

wwT
]

(5.32)

R = E
[

vvT
]

(5.33)

It is assumed that the process and measurement noise processes are additive to
the state derivative and the output vectors. A more general approach, where
also nonlinear noise models are accounted for, has been presented in [99].

The goal of the Kalman filter is to provide an estimatex̂ of the state vector
x, where the covariance matrixP of the estimate error is minimal.P can be
expressed as follows:

P = E
[

(x − x̂)(x − x̂)T
]

(5.34)

The Kalman filter algorithm basically handles linear models. Therefore, the
model has to be linearised around the current state estimatex̂ to obtain the
systems dynamics matrixF and the measurement matrixH:

F =
∂f(x,u)

∂x

∣

∣

∣

∣

x=x̂

(5.35)

H =
∂h(x,u)

∂x

∣

∣

∣

∣

x=x̂

(5.36)

The filter will eventually be required in the discrete form. In the discrete algo-
rithm equations, the fundamental matrixΦk

3 is required instead of the systems
dynamics matrixF. Φk can be approximated by the first two terms of the
Taylor-series expansion:

Φk = eFhs ≈ I + Fhs

(

+
F2h2

s

2!
+

F3h3
s

3!
+ · · ·

)

(5.37)

3A more accurate denotation isΦ((k + 1)hs, khs), since the progression of the state vector
between the two sampleskhs and(k+1)hs is addressed. However, for the sake of readability,
the simpler formΦk is preferred.
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hs denotes the sample time. A more robust possibility is the bilinear approxi-
mation. It should be used, when the model is stiff. The problem is, however,
that a matrix inversion is required. The bilinear approximation Φk can be ex-
pressed as follows [40]:

Φk ≈
[

I − hs

2
F

]−1 [

I +
hs

2
F

]

(5.38)

The extended Kalman filter algorithm basically consists of two steps. In the
first step, the “time update” or “extrapolation” step, the state vector estimatêx
and the covariance matrixP are projected one step ahead:

x̂−

k = f(x̂k−1,uk−1) (5.39)

P−

k = ΦkPk−1Φ
T
k + Qk (5.40)

Notice that the nonlinear state-space equation is integrated directly without lin-
earisation. The discrete process noise matrixQk can be obtained from the
continuous matrixQ by integration over one time step:

Qk =

∫ khs

(k−1)hs

Φ(τ)QΦT (τ)dτ (5.41)

In the second step, the “measurement update” or “correction” step, the state
vector estimatêx and the covariance matrixP are corrected using the error
between the projected output vectorh(x̂−

k ) and the measured vectorzk, and
measurement matrixHk, respectively:

x̂k = x̂−

k + Kk

(

zk − h(x̂−

k ,uk)
)

(5.42)

Pk = (I − KkHk)P−

k (5.43)

The Kalman gainKk is calculated from the discrete Riccati equation

Kk = P−

k HT
k

(

HkP
−

k HT
k + Rk

)−1
(5.44)

The filter algorithm is established with equations (5.39)–(5.40) and (5.42)–
(5.44). Their calculation has to be repeated every time step.

Theoretically, the covariance matricesQ andR describing the process and
measurement noise processes, can be obtained from measurements. However,
some of the internal state variables such as the occupanciesof O or CO can
hardly be measured. In practice, the two matrices are used astuning parame-
ters. To illustrate their influence, consider (5.44). If R is chosen large andQ
small,Kk becomes rather small. This means that due to the large measurement
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error, the model is trusted more. Hence, the estimated statevectorx̂ is mainly
calculated with the extrapolation step, the correction step only has a weak influ-
ence. Accordingly, the opposite is true, ifQ is chosen to be large andR small.
Since the model errors are in reality somewhat far away from white noise, es-
pecially in the example presented here, the two parameters have to be chosen
carefully. Generally, the model noise is considered small as compared to the
measurement noise, i. e., a relatively slow adaptation is preferred. This choice
is based on the intention to filter out high frequency dynamics which are not
reflected by the model.

Implementation of the TWC Model

The TWC model is implemented in the form presented in Section5.2. Thereby,
the state-space equation contains the raw exhaust and the TWCmodels. The
measurement equation incorporates the switch-typeλ sensor model. Hence,
the input, state, and output vectors are defined as follows:

u =





λ
ṁexh

Texh



 , x =



















θO,1

θCO,1

Ts,1

θO,2

...
Ts,3



















, y = [Uλst]

The model contains nine state variables, which is certainlythe upper limit for
control-oriented purposes. However, since the measurement vector is actually
a scalar, the matrix inversion in the Riccati equation (5.44) reduces to a scalar
inversion.

The filter is somewhat simplified by only including the occupancies in the
measurement update step. The temperatures are estimated inthe extrapolation
step. This reduces the covariance matrixP to 6th order. This choice is based
on the fact that the coupling between the temperatures and the sensor output is
relatively weak. Tests have shown that significant transients, as they occur e. g.
during a fuel cut-off, may over-excite the temperature correction because of
this weak coupling. This destabilising effect could only bepartly damped by an
adequate choice of the corresponding elements in the model noise covariance
matrixQ. The reduction of the problem considerably improved the robustness
of the filter against the mentioned sudden transients.

The characteristic of the measurement equationh(x,u) is strongly nonlinear.
This nonlinearity arises from the considerably increased sensitivity of the sen-
sor signal around stoichiometry, as compared to the zones, whereλ is further
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away from one. Basically, one would expect that the measurement covariance
R should be adjusted to the voltage level. An alternative approach could be to
“invert” the sensor signal according to (5.30) of the model calibration section.
This would considerably “flatten” the sensor characteristic.

In fact, neither has been done. The sensor signal has been used in its original
nonlinear form andR has been kept constant. As already stated in Chapter4,
the switch-typeλ sensor provides a very accurate information about the posi-
tion of the stoichiometric point. This is also the point, where the model should
be accurate, since it is directly connected to the estimation of the storage ca-
pacity. Further off the stoichiometric point, i. e., where|λ − 1| > ǫ, the sensor
is less accurate. its signal is distorted by the actual sensor temperature, which
is unknown, and by the ageing of the sensor. Hence, choosingR to be con-
stant, naturally increases the weight of the measurement update step around
stoichiometry, whereas it is decreased substantially, where some sensor inac-
curacies might occur.

Identification: State-Space Augmentation

Parameter identification with an extended Kalman filter can be implemented
by replacing the estimated parameters by additional state variables. This is
permitted, because the filter is not limited to linear state-space models.

The discrete form of the state-space model (5.31) is augmented with the
following equation:

SCk+1 = SCk + wSC,k (5.45)

wSC,k denotes a zero-mean scalar white noise process.SC is kept constant in
the extrapolation step and is only adjusted in the measurement update step.Q
andP have to be augmented accordingly. Notice thatSC has been assumed to
be identical for all cells.

Figure5.14shows a sketch of the realised extended Kalman filter in signal
flow form. Notice that two different state vectors are used inthe extrapola-
tion and correction steps. As has been pointed out above, thetemperatures are
only calculated in the extrapolation step and then handled as model parameters.
Hence, the two state vectorsxKF andxTemp consist of the following elements:

xKF =





















θO,1

θCO,1

θO,2

θCO,2

θO,3

θCO,3

SC





















, xTemp =





Ts,1

Ts,2

Ts,3
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Figure 5.14: Sketch of the realised extended Kalman filter.

In the extrapolation step, both vectors are calculated in combination. In the
correction step, onlyxKF is updated.

Observability and Excitation

A very important prerequisite for the proper operation of anextended Kalman
filter is the observability of the state-space model. For a nonlinear system, the
global observability can be defined as follows [12]:

Definition 5.1 The nonlinear systeṁx = f(x,u), x(0) = x0, y = h(x,u),
wherex ∈ Dx ⊆ Rn, u ∈ Du ⊆ Rm, y ∈ Rq is globally observable if all
initial statesx0 can be determined uniquely fromy(t) andu(t) in the entire
domainx0 ∈ Dx, ∀u ∈ Du.

Less strict are the local and the operating point observabilities:

Definition 5.2 The nonlinear systeṁx = f(x,u), x(0) = x0, y = h(x,u),
wherex ∈ Dx ⊆ Rn, u ∈ Du ⊆ Rm, y ∈ Rq is locally observable in a
pointxp if all initial statesx0 in the neighbourhood‖x0 − xp‖ < ρ of xp can
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be determined uniquely fromy(t) andu(t) in the entire domain∀xp ∈ Dx,
∀u ∈ Du.
The system is observable in the operating pointxs, if all initial statesx0 in the
neighbourhood(‖x0 − xs‖ < ǫx, ‖u − us‖ < ǫu) of the steady-state operat-
ing pointxs,us with f(xs,us) = 0 can be determined uniquely fromy(t) and
u(t).

Notice that all three types are identical for linear systems. The determination of
the global observability is difficult and awkward. Procedures concerning this
task have been proposed in [12]. The determination of the operating point ob-
servability is much easier and can be performed using the tools from the linear
theory, see [32]. However, care should be taken, since the eigenvalues of the
system do not remain constant when the operating point is changing. Since the
system focused on here is “well-tempered”, a more intuitiveapproach is taken
to demonstrate the operability of the observer. “Well-tempered” means that
the system is inherently stable. For exact definitions and concepts regarding
stability, refer to [92]. To determine BIBO (bounded-input/bounded-output)
stability, no mathematical analysis is required. Notice that the occupancies are
physically limited. They cannot become negative and their sum cannot exceed
1. The temperature can never decrease below the ambient temperature. The
heat production is dependent on the occupancies and therefore cannot increase
indefinitely. Thus, all state variables remain bounded. Actually, the linearised
system is asymptotically stable in any steady-state operating point.

For an intuitive approach to the observability of the TWC model, an equiva-
lent system shall be derived, which is somewhat easier to understand. Consider
three tanks in a row, which are filled with water. Each tank leaks water to the
next tank, dependent on the water level. The size and geometry of the tanks
as well as the correlation of the storage levels and the leakage are known. It is
intuitively obvious that the levels of the three tanks can bedetermined, if the
amount of water leaving the last tank is known. If oil is addedto the water,
and if the oil/water ratio is measured at the outlet, both thewater and oil levels
of each tank can be determined. This corresponds roughly to the oxygen and
carbon monoxide storage levels in the three different cells. Notice that this is
only the case because the concentrations of O2, CO, and H2 are calculated stat-
ically from the occupancies in the cells and the concentrations of the preceding
cells. These considerations shall suffice to demonstrate the observability of the
model. For future work, a more profound analysis is certainly recommended.

To guarantee convergence of the Kalman filter states to the “true” values, the
model should be excited accordingly. The prerequisite of persistent excitation
is described in [60] or [94]. Here, it shall be explained with a simple example
for the reader who is not familiar with the concepts of parameter identification.
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5 Observer of a Three-Way Catalytic Converter

Consider a volume with entering and leaving mass flows. For example the
intake manifold of an engine can be considered as such a volume. An identifi-
cation algorithm shall now be developed, where the volume ofthe manifold is
to be estimated. It is intuitively clear that under steady-state conditions, i. e., as
long as the input and output mass flows are identical and constant, the volume
cannot be determined. Only when at least one of the mass flows are excited,
the volume can be determined from the relation of the two massflows. This is
a fundamentally valid, physically founded problem, independent of the identi-
fication algorithm. Hence, a system, where the input-outputrelation cannot be
determined by steady-state considerations, has to be excited accordingly.

In the present model, the storage capacity can theoretically be determined
from steady-state considerations, since the reaction rates and thus both the heat
production and the tailpipe concentrations are dependent on SC. Even if this
input-output link is too weak, excitation is not a problem, since the distur-
bances of the air-to-fuel ratioλ at the TWC inlet and the usually considerable
transients of the exhaust gas mass flow are sufficient in most cases. On a high-
way, however, where driving may be constant during longer periods (which
is not expected in central Europe considering the topography and the general
traffic situation), these excitations can become very weak.Here, the steady-
state input-output relation includingSC has at least a stabilising effect in the
sense that the identification process does not diverge. Concepts, whereλ is
permanently excited, i. e., where the so called “wobbling” is applied [97], are
favourable, because they provide excellent excitation, which guarantees con-
vergence within a few seconds. The concept presented in thisthesis does not
make use of any extraλ excitation.

Aspects of the Numerics

The extended Kalman filter presented here has been tested with a sample rate
of 1 kHz. With this rate, no major numerical problems occurred. The state
vector in the extrapolation step was calculated using an Euler forward scheme.
The JacobiansF and H were calculated numerically. For the fundamental
matrix Φ, the approximation from the Taylor series according to (5.37) was
used. Hence, for every step, which might be numerically delicate, the simplest
method provided stable and accurate results. This was possible for two reasons.
First, the sample rate was about one order of magnitude higher as compared to
what can be expected in a present production-type control unit. Second, with
the steady-state implementation of the mass balances, the inherent stiffness of
the system could be eliminated. If slower sampling rates area premise and/or if
for some reasons, the model is extended to dynamical mass balance equations,
measures can be taken, which are described in the following.As a rule of
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5.4 Online Adaptation Strategy

thumb, it can be generally stated that an improvement of the accuracy is more
effective when applied in the extrapolation step [102].

The Jacobians ofF andH can alternatively be calculated analytically. This
is a somewhat awkward task, but certainly improves the accuracy and most
probably reduces the consumption of CPU power.

The fundamental matrixΦ can alternatively be calculated using the bilin-
ear approximation according to (5.38). This involves a matrix inversion of
the dimension of the state vector in the correction step. Here, this vector has
dimension 7. Notice that the Gauss algorithm provides numerically more sta-
ble results than the LU decomposition, see [83], especially when the matrix is
badly conditioned. Unfortunately, this is often the case, when stiff systems are
linearised.

Instead of the Euler forward scheme, a semi-implicit Euler scheme can be ap-
plied for the integration of the nonlinear state-space system in the extrapolation
step. This scheme can be derived from the implicit Euler backward integration.
It is usually almost as stable as implicit schemes and therefore very suitable for
stiff systems. Here, only a short derivation shall be given,details can be found
in [83].

Consider an ordinary differential equation inx. If the time step sizehs

is assumed, the integration with the implicit Euler backward scheme can be
expressed as follows:

xk+1 = xk + hs · f (xk+1) (5.46)

This is a nonlinear equation system forxk+1. Such a system can be solved
using an iterative method, which is not suitable for a real-time control system.
Therefore, a linearised Ansatz forf (xk+1) following Newton is applied:

f (xk+1) ≈ f (xk) +
∂f

∂x

∣

∣

∣

∣

xk

(xk+1 − xk) (5.47)

Solving forxk+1, leads to

xk+1 = xk + hs

(

I − hs
∂f

∂x

∣

∣

∣

∣

xk

)−1

· f (xk) (5.48)

This solution can be explicitly calculated, i. e., no iterative method is neces-
sary. However, a matrix inversion is required, which leads to a significantly
increased consumption of CPU power, as compared to the Eulerforward inte-
gration scheme.
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5 Observer of a Three-Way Catalytic Converter

λ Sensor Offset

Both the wide-range and the switch-typeλ sensor signals may be subject to
offsets. As for the switch-typeλ sensor, this is a problem, when the position
of the switch is shifted. It is assumed that the position remains sufficiently
stable, as long as the sensor is used downstream of the TWC. Theinfluence
of the sensor ageing has not been investigated in this thesis. This is certainly
recommended for future work.

The wide-rangeλ sensor may exhibit a considerable offset, as has been
shown in Chapter4. This offset leads to a different estimated oxygen stor-
age level as compared to the one calculated from an accurate sensor signal.
The erroneous oxygen storage level in turn leads to a modifiedvoltage output
of the estimated switch-typeλ sensor signal.

The extended Kalman filter forces the estimated and the measured switch-
typeλ sensor signals to converge to the same value. This can only beachieved
by a modification of the estimated oxygen storage levels. If the estimated oxy-
gen storage level is controlled to a constant value, a steady-state offset of the
control signalλ is necessary to compensate for the sensor offset. This compen-
sation can only be achieved by an I-controller. Thus, it can be concluded that
if an I-controller is used, its steady-state output provides a signal which is pro-
portional to the sensor offset at the inlet of the TWC. Hence, the controller can
be used for the diagnosis of the wide-rangeλ sensor at the inlet of the TWC.
This will be demonstrated in the next chapter.

Basically, the sensor offset could also be estimated directly with the filter by
identification. Tests have shown that the tuning of the filterthen becomes very
delicate since the sensor offset and the storage capacity are not entirely inde-
pendent. The separation of the sensor error and the storage capacity estimations
has been found to be more robust with the proposed method.

5.4.2 Performance of the Extended Kalman Filter in the
FTP Cycle

Figure 5.15 shows the performance of the EKF in the last phase of an FTP
cycle. Three differently aged TWCs are shown. In order to demonstrate the
robust filter convergence, tests have been performed with different initial val-
ues for the storage capacitySC at 10, 30, 50, and70 mol/m3. For reference
purposes, additionally the engine speedneng and the engine exhaustλexh are
shown. The filter performance is good, the three TWCs can be clearly separated
andSC converges stably to identical curves for one single TWC.
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Figure 5.15: Estimated storage capacitiesSC with different initial values. The EKF
was tuned for fast convergence. TWC 1 is considerably aged (at1100 ◦C), TWC 3
moderately aged (at900 ◦C), and TWC 5 is fresh, see Section2.5. neng denotes the
engine speed,λeng the engine exhaust air-to-fuel ratio.
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Figure 5.16: Estimated storage capacities of differently aged TWCs (at1100 ◦C,
900 ◦C, and fresh, see Section2.5). The EKF has been tuned for slow convergence.
The red signals have been low pass filtered with a time constant of100 s.

All cycles were recorded with activeλ feedback and feedforward (com-
pensator for the wall-wetting and intake manifold dynamics) controllers. A
TWC controller was not used. The system was not especially excited. The
air-to-fuel ratioλ was controlled to a constant value of 1, except during fuel
cut-offs. No special strategy for the depletion of the stored oxygen in the TWC
after the fuel cut-offs was utilised. The filter was configured with a rather large
covariance forSC in order to provide fast convergence. However, this led to
quite unsteadySC signals. With such unsteady signals, it is of course difficult
to identify theSC of the TWC within narrow limits. Therefore, the covariance
should be chosen much smaller in practice, in order to provide a smooth signal
of the estimatedSC.

A “bad” TWC should be identified within one test cycle such as FTP. This
does not mean thatSC has to be exactly known at the end of the cycle. It
only has to be determined, whether its value lies above or below a critical limit.
Therefore, a strategy is recommended, whose model is most accurate, where
SC is critical. The EKF is initialised with the critical value.The estimatedSC
is then heavily filtered under operation. If it starts to increase after initialisation,
the TWC is good. If it starts decreasing, a malfunction may be indicated. This is
demonstrated in Figure5.16. The filter has been configured to converge slowly.
Additionally, the identified storage capacity has been low pass filtered with a
time constant of100 s. If the critical value has been assumed to be30 mol/m3,
the “bad” TWC can easily be identified.

The example presented here is of course somewhat academic, since TWCs
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close to the critical value are hardly identifiable as easy asthis example might
indicate. The result is to be understood as a basis, which canbe improved in
many ways with suitable filter techniques and/or statistical tools.

One of the major advantages of the EKF is that no extra excitation is neces-
sary. The excitation provided under normal operation conditions of the engine
is sufficient for a robust performance.
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5 Observer of a Three-Way Catalytic Converter

5.5 Conclusion

A control-oriented physical model of the exhaust gas aftertreatment system in-
cluding the TWC, the upstream wide-range and the downstream switch-type
λ sensors has been developed. It consists of three modules, including the raw
exhaust gas composition, the TWC, and the switch-typeλ sensor. In the first
module, the engine-out mole fractions of O2 (including NO), CO (including
HC), and H2 are calculated. The second module is the TWC, where the outlet
concentrations of the three components are calculated. TheTWC model con-
sists of three finite elements, each containing three state variables. These are
the temperature and the occupancies of O and CO. The third module consists
of an algebraic switch-typeλ sensor model, where the voltage output is cal-
culated from the three gas components. Apart from the oxygeninput, output,
and storage behaviour, the deactivation of the TWC by carbonaceous species
has been accounted for. Additionally, the water-gas shift reaction has been in-
cluded, which is dependent on the TWC deactivation and the ageing. The entire
model reflects the input/output behaviour of the real systemvery well under a
wide range of engine operating points and ageing levels of the TWC. It has
been shown that the ageing of the TWC can be characterised withone single
parameter, the storage capacity.

The model has been incorporated in an extended Kalman filter which serves
as a state observer and simultaneously estimates the storage capacity by means
of parameter identification. Hence, it can be applied for control and diagnosis
purposes. It has been demonstrated that the filter can robustly identify the age-
ing level of the TWC within the last part of the FTP cycle. This is achieved
without any special excitation of the raw exhaustλ or other control inputs. The
filter appears to be a promising tool for TWC diagnosis.
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Converter

6.1 Introduction

The extended Kalman filter presented in the previous chaptercannot only be
used for TWC diagnosis, but also for the development of an observer-based
controller of the TWC. It has been shown in Chapter3 that the performance of
the TWC in terms of conversion rates of CO, NO, and HC apart fromthe steady-
state air-to-fuel ratio also depends on the levels of the stored species. This
becomes very clear, when the air-to-fuel ratio of the raw exhaust is switched
between lean and rich at low frequencies. Both simulation and measurement
results revealed that during the filling or depleting of the TWC with oxygen, the
conversion rates are increased temporarily, although the inletλ is permanently
far away from stoichiometry. Therefore, a TWC controller aims at keeping the
TWC in a state, where the highest conversion rates are expected. It is clear that
this goal cannot be achieved with aλ control system, as has been described
in Section1.4, because the state of the TWC is not regarded in that strategy.
Therefore, theλ controller has to be extended accordingly or simply replaced
by a TWC controller, since a “λ = 1” concept also aims at the performance of
the TWC.

Various types of TWC controllers have been presented in the literature. In
[89], a concept was developed, where the oxygen storage level isestimated
from an observer. Additionally, parameters are identified using a recursive
Markov estimate method. The storage level is used as the control variable.
The complete control and identification concept developed in this thesis fol-
lows basically the ideas presented in [89], however, with a considerably refined
modelling, identification and control approach. A model-based controller was
also presented in [6] and [7]. Here, an observer is utilised which estimates the
oxygen storage level of the TWC. The observer is based on a nonlinear model,
which mainly consists of an oxygen storage (integrator) with nonlinear filling
and depletion functions, dependent on the inlet conditions(temperatures, mass
flow) andλ. The controller, which is a neuro-fuzzy approximation of a model
predictive controller, aims at keeping the stored oxygen ata level, where the
TWC’s maximum conversion rates are obtained. A model-based control con-
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cept which uses wide-rangeλ sensors both upstream and downstream of the
TWC was presented in [39]. Again, a nonlinear observer estimates the oxygen
storage level, which is then controlled. The observer incorporates an extended
Kalman filter which is supported by the downstreamλ sensor.

A description of the concepts in use at present in production-type control
systems can be found in e. g. [97]. Usually, a switch-typeλ sensor is used
downstream of the TWC. A slow PI controller aims at keeping thesensor’s
voltage output at a constant level. The purpose is to keep theupstreamλ con-
troller calibrated and to compensate for potential sensor offsets. These can be
obtained from the steady-state integrator value of the I-controller. Thus, the
controller is also used for sensor diagnosis.

In the following, different potential control strategies will be discussed first.
Then, a model-based controller of the TWC will be derived, which apart from
the main control goal also provides a means for the diagnosisof the upstream
λ sensor. Finally, a selection of measurement results is presented and discussed.

6.2 Control of TWCs and λ = 1 Strategies

6.2.1 Challenges of TWC Control

As has been pointed out in the previous section, a strategy which only uses
TWC upstream sensor information is not sufficiently robust because of the po-
tential offset ofλ sensors. Only a small error may lead to a slightly lean or
rich balanced exhaust gas, which causes the levels of storedoxygen or other
species in the TWC to drift away slowly from their optimal values in terms of
the conversion rates. In a first approach, which is also used in state-of-the-art
engine control systems, theλ controller is calibrated with a switch-typeλ sen-
sor located downstream of the TWC. The setup is depicted in Figure6.1. The
location of the switch is quite robust during the sensor’s lifetime. Hence, a
voltage level close to the location of the switch is chosen asa setpoint for the
controller, usually around600 mV. If the control variable is the setpoint for
theλ controller, and if a PI controller is used, the steady-statevalue of the inte-
grator is equal to the steady-state offset of the sensor. This information can be
used for diagnosis purposes.

Apart from the optimal steady-state conversion rates of theTWC, also other
aspects should be considered, when designing a TWC controller. The conver-
sion rates should also be optimal under dynamic conditions,i. e., when distur-
bances of the inletλ occur. These are caused by the differences between the
air path (via intake manifold) and the fuel path dynamics (via wall-wetting).
These differences can only partly be compensated in practice. Especially dur-
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Figure 6.1: Sketch of an extendedλ control system with the following components:
1 Air mass flow meter; 2 Throttle; 3 Intake manifold; 4 Fuel injection valve; 5Spark
plug; 6λ sensor upstream; 7 TWC; 8λ sensor downstream. Notice that the feedback
λ controller adjusts the injection time by means of a factor. The reason for thishas been
explained in Section1.4.

ing heavy transients such as sudden changes of the desired engine load, tem-
porary excursions ofλ of at least 0.5% even in a well calibrated system may
occur. If the TWC is kept in a well-balanced state, such excursions can be
damped because of the TWC’s ability to store or release oxygen. However,
measurements have revealed that this mechanism is somewhatlimited, i. e.,
aggressive (fast and considerable) excursions can be damped only partly, even
with fresh TWCs. Especially the CO conversion has been found to be sensitive
towards aggressive TWC operation, imposed by theλ/feedforward controller or
by an aggressive TWC controller. This has also been shown in [7]. This clearly
implies that the compensation of the intake manifold- and the wall-wetting dy-
namics as well as theλ controller are still very important. The TWC controller
can only compensate for “failures” of these controllers to arather limited de-
gree.

Another important aspect is the appearance of fuel cut-offs. These occur
frequently with a manual transmission. During a fuel cut-off, the TWC is filled
with oxygen, which must be depleted, when the fuel injectionis reset. It goes
without saying that a fast recovery of the TWC is desirable.

The concepts with a slow PI controller of the downstream sensor voltage
actually account for the problem of the upstream sensor offset and implicitly
for the sensitivity toλ disturbances, since the controller only imposes signals
with a small bandwidth. However, two major problems arise with the concept.

133



6 Control of a Three-Way Catalytic Converter

Firstly, for a recovery after a fuel cut-off, these controllers are usually too slow.
A separate feedforward strategy has to be used. Secondly, especially down-
stream of fresh TWCs, the sensor signal exhibits a partly veryweak sensitivity
to changes in the TWC’s state. In other words, it is very hard toobtain a sta-
ble control system around stoichiometry, since the sensor is almost “blind” and
only reacts, when considerable deviations from the TWC’s desired state are
reached.

To summarise, the main challenges are robust balancing or rather disturbance
rejection of the TWC of any ageing level, stable operation of fresh TWCs with
very weak downstream sensor information, and fast recoveryafter fuel cut-
offs. All this should be achieved with a limited control bandwidth in order
to avoid additional aggressive excursions from stoichiometry, which have a
negative impact on the conversion rates, namely of CO.

6.2.2 Observer based TWC Control Strategies

From the considerations in the previous section, it becomesclear that a state
observer should be used, which on the one hand allows the estimation of the
TWC’s state and on the other hand can operate even with a temporarily “inert”
signal at the TWC outlet. The extended Kalman filter presentedin the previ-
ous chapter provides a good estimate of the storage levels even distributed in
the axial direction, since three discrete cells are considered. In the following,
concepts are discussed, which make use of this filter.

Cascade and Direct Control Structure

For the setup of the TWC controller structure, basically two possibilities can
be taken into account. In a cascade structure, the TWC controller generates
a setpoint for the innerλ controller, similar to the structure presented in Fig-
ure6.1. In a direct control structure, no explicitλ controller is used. Instead of
the setpoint for theλ controller, the TWC controller directly adjusts the amount
of injected fuel. Both setups are illustrated in Figure6.2. Notice that any TWC
feedforward controller has been omitted for the sake of simplicity. At first
sight, a direct control scheme appears to be a more reasonable choice, because
cascade systems always impose considerable limitations concerning the band-
width of the outer control loops. However, in this case, these limitations are
already imposed by the physical setup as has been explained above. λ varia-
tions have to be suppressed at the TWC inlet as far as possible,since they have
a deteriorating impact on the conversion rates. Therefore,the innerλ controller
has to be fast, whereas the outer controller should have a substantially limited
bandwidth. Thus, also a direct controller should exhibit a high bandwidth with
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Figure 6.2: Sketch of the cascade and the direct TWC control system withthe following
components: 1 Air mass flow meter; 2 Throttle; 3 Intake manifold; 4 Fuel injection
valve; 5 Spark plug; 6λ sensor upstream; 7 TWC; 8λ sensor downstream.

respect to the TWC inletλ. Under this premise, a cascade control approach is
more straightforward and simpler to realise.

A second aspect is the operation of the engine under conditions, where the
TWC controller is switched off. This is the case during start-up before TWC
light-off and before the downstream switch-typeλ sensor is ready. During
this time, the engine is operated with theλ controller only, namely with the
feedforward controller immediately after engine ignition, and with the feedback
controller after the first few seconds. Also after fuel cut-offs, special measures
to deplete the oxygen from the TWC are easier to implement, when a cascade
structure is used.

In the previous section, it has been shown that a cascade control approach
with integrating behaviour provides the possibility for the diagnosis of the
λ sensor. This could of course also be achieved with the EKF. However, tests
have shown that the filter operates more robust when used for the identification
of the TWC storage capacity only.

To summarise, a direct control structure does not really bring any substantial
advantage as compared to a cascade system because of the physical limitations
regarding the bandwidth of the “inner” (λ-) and the “outer” (TWC-) control
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loops. Moreover, the cascade controller is simpler to be realised and adjusted
to operating conditions, where only aλ controller is needed. For these reasons,
a cascade structure was chosen for the TWC controller.

Control Objective and Feedback Signals

The goal of the TWC controller is to maximise the conversion rates of NOx,
CO, and HC, or accordingly, to minimise the concentrations of these species
at the TWC outlet. From a steady-state point of view, the conversions of CO
and HC increase with an increasingλ. The opposite is true for the NOx, where
the conversion rate dramatically decreases withλ > 1, see Figure1.2. When
the dynamic operation of the TWC is considered, tests have revealed that an in-
creasing variance of theλ signal leads to a deteriorated CO conversion, whereas
the NO and HC conversions might be improved, if the variance is imposed by a
controller, which keeps the TWC well balanced around stoichiometry. This is
also in agreement with the results presented in [7]. Mathematically, the control
goal with respect to both the steady-state dependence of theconversion rates
and the variance or “energy” of the control signalλ − 1 can be expressed with
a quadratic cost function which is to be minimised:

min
λ

Jexh =

∫ t

0

(

r · (λ(τ) − 1)
2

+ qCO · cCO(τ)2 . . .

+qHC · cHC(τ)2 + qNOx
· cNOx

(τ)2
)

dτ (6.1)

r andqi are weighting factors.
Potential control variables are the states of the observer,i. e., the occupancies

θO andθCO, and the temperature in each cell. From these state variables, the
concentrations of CO, O2, and H2 can be calculated in each cell. Finally, also
the voltage output of the switch-typeλ sensorUλst could be used, as is done in
modern production-type engine control systems.

As has been pointed out in the previous section, the downstream λ sensor
signal is almost “blind” under operating conditions close to the desired state,
especially downstream of fresh TWCs. Therefore, this signalhas been disre-
garded as a suitable choice for the feedback controller. Notice that this only
concerns the controller, the signal is of course indispensable for the observer.

An obvious choice for the control variables are the concentrations of CO, O2,
or H2. Theoretically, an optimal controller could be designed, which directly
aims at the minimisation of CO and O2. Notice that the latter includes the NOx.
However, this leads to a rather complicated problem formulation because of the
highly nonlinear correlation between the state variables and the concentrations.
Therefore, a considerably simpler approach is proposed.
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Instead of the concentrations, the occupancies are controlled under the premise
of minimal accumulated CO and O2 concentrations. In other words, the set-
points of the controlled state variables are derived from optimisation consider-
ations, where the concentrations of CO and O2 are to be minimised. Hence,
the actual controller only has to ensure robust input disturbance rejection and
tracking behaviour with a limited bandwidth.

Theoretically, both the occupancies of carbon monoxide,θCO, and oxygen,
θO, could be controlled. However,θCO only exhibits very slow dynamics.
Additionally, it cannot be controlled entirely independently of θO. In other
words, controllingθO keepsθCO stable within a small range, because the sum
of the two occupancies cannot exceed1. It will be shown that this has to be
accounted for when sensor diagnosis is applied, but can be neglected otherwise.
Therefore, the control ofθO is assumed to be sufficient.

Having determined the control variable, the question remains, of whether all
cells or only one single cell should be controlled. Basically, the last cell is
directly related with the TWC outlet concentrations of the critical species. A
simple approach might therefore aim at controlling this cell, only. Tests have
shown, however, that the control especially of fresh TWCs with this strategy
is difficult, because of the large buffering effect of the first two cells. A high
controller order is required to account for this buffering effect, i. e., the TWC
dynamics have to be reflected in the controller. This is of course an overhead,
since the crucial information is already available from thenonlinear observer,
where the TWC dynamics are naturally reflected, as well. For the direct control
of the oxygen storage levels of the three cells provided by the observer, only
a very simple control structure is sufficient, as will be shown further below.
Hence, controlling all three cells is certainly the best choice for a stable and
robust operation of a TWC, irrespective of its state of ageing.

From the considerations above, the methodology for obtaining the setpoint
maps of the oxygen occupancies is derived in the following. Starting point are
the TWC outlet concentrations of CO and O2 which are to be minimised. These
concentrations are equal to the ones in the channel of the last cell, i. e.,cch

CO,3

andcch
O2,3. They have been derived in the previous chapter and are repeated

here for convenience:

cch
O2,3 =

V̇relc
ch
O2,2

V̇rel + DO2

(

1 − DO2

DO2
+ 0.5 (k1θV,3 + k6θCO,3) SC

)

cch
CO,3 =

V̇relc
ch
CO,2

V̇rel + DCO

(

1 − DCO

DCO + (k2θO,3 + k5θV,3) SC

)
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The concentrations are dependent on the occupancies and temperature of cell 3
and additionally on the inlet concentrationscch

O2,2 andcch
CO,2, which are in turn

dependent on the states of the preceding cells 1 and 2 and on the inlet con-
ditions λexh andTexh. The goal is to obtain an expression, which calculates
the optimal occupancy of oxygen from the state and inlet variables under the
assumption that all other state and inlet variables remain constant. “Optimal”
means with respect to a weighted sum of the squared concentrations. Mathe-
matically, this can be expressed as follows:

Find an optimal steady-state oxygen occupancy of cell 3

θopt
O,3 = f

(

θO,1, θO,2, θCO,1, θCO,2, θCO,3, Ts,1, Ts,2, Ts,3, λexh, Texh, V̇rel

)

(6.2)
which minimises sum of the weighted squared steady-state concentrations of
O2 and CO, according to

min
θO,3(t)

J(t) = q1 · cch
O2,3(t)

2 + q2 · cch
CO,3(t)

2 (6.3)

given the constant state and input variables in the functionf .
An alternative approach, which simplifies the optimisationproblem consid-

erably, is to maximise the conversion efficiencies of cell 3 instead of minimising
the concentrations of CO and O2. The conversion efficiency of speciesi can be
expressed as follows:

ηi = 1 − ci,out

ci,in
(6.4)

Thereby, a value of 1 means full conversion, 0 denotes no conversion. Inserting
the concentrationscch

O2,3 andcch
CO,3 in (6.4) leads to the following conversion

efficiencies:

ηO2
= 1 − V̇rel

V̇rel + DO2

(

1 − DO2

DO2
+ 0.5 (k1θV,3 + k6θCO,3) SC

)

ηCO = 1 − V̇rel

V̇rel + DCO

(

1 − DCO

DCO + (k2θO,3 + k5θV,3) SC

) (6.5)

Instead of formulating a new cost function, the problem is further simplified
by inspecting the conversion efficiencies. These are dependent on volumetric
flow (V̇ ), the temperatures, and on the occupancies of O and CO in cell3. It
is assumed that the dependence of the diffusion coefficientson the temperature
only plays a minor role and that they are identical for CO and O2. Hence, for
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Figure 6.3:fO2 andfCO at750 K, with θCO,3 = 0.05 andqO2/qCO = 0.5.

one specific engine operating point, which determinesV̇ , only the following
termsfO2

andfCO are dependent on the state variables of cell 3:

fO2
= 0.5 · (k1θV,3 + k6θCO,3)

fCO = k2θO,3 + k5θV,3 (6.6)

From (6.5) it is clear that maximising the conversion efficiencies is equivalent
to maximisingfO2

andfCO. An example of these two functions is depicted in
Figure6.3. With a specific occupancy of CO and constant reaction rateski, fO2

is maximal withθO,3 = 0 and then linearly strictly decreasing with increasing
θO,3. The opposite is true forfCO. This function is minimal withθO,3 = 0 and
from there strictly increasing. Hence, any setpoint forθO,3 is a compromise
between the conversion efficiencies of CO and O2. This is of course expected.
A simple and straightforward approach is now to choose the setpoint such that
the weighted functionsfO2

andfCO are equal:

qO2
· fO2

= qCO · fCO

qO2
· 1

2
(k1θV,3 + k6θCO,3) = qCO · (k2θO,3 + k5θV,3) (6.7)

Notice that the choice of the weighting parameters is limited to the following
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6 Control of a Three-Way Catalytic Converter

conditions:

qO2

qCO
min (fO2

) < max (fCO)

qO2

qCO
max (fO2

) > min (fCO) (6.8)

From (6.7), a setpoint forθO,3 can now be calculated as follows:

θsp
O,3 =

qO2

qCO

k1

2
− k5 +

(

− qO2

qCO

k1

2
+

k6

2
+ k5

)

θCO,3

qO2

qCO

k1

2
+ k2 − k5

(6.9)

Notice that the reaction constantski are dependent on the temperature. With
this result, a balance between the conversion efficiencies of lean and rich species
can be maintained, irrespective of changing engine operating points or TWC
deactivation (θCO).

The setpoints for cells 1 and 2 are determined from steady-state consider-
ations. Hence, they can be calculated from the nonlinear state-space model,
which has been presented in the previous chapter. Thereby, the steady-state
vectorxstst is obtained from the following expression:

0 = f
(

xstst, λstst
exh

)

where θstst
O,3 = θsp

O,3 (6.10)

The steady-state vectorxstst and the correspondingλstst
exh can be calculated us-

ing a solver for nonlinear equation systems, such asfsolvefrom the MatlabTM

optimisation toolbox [64]. Notice thatθsp
O,3, xstst, andλstst

exh are dependent on
the operating point of the engine, which determines the massflow ṁexh and
the temperatureTexh of the raw exhaust gas. Hence, maps have to be generated
for the setpoints of the occupancies of oxygen in the three cells. An example
of these maps is shown in Figure6.4. Interestingly, the setpoints decrease sig-
nificantly with higher engine speeds and loads. This is a result of the fact that
with higher temperatures, sorption processes become more efficient.

The procedure just described allows a fully automated determination of the
setpoint maps for the oxygen occupancies in all cells, whichare to be con-
trolled. The balance of the TWC between the conversion efficiencies of lean
and rich species can be clearly adjusted with the parameterqO2

/qCO: A higher
value shifts the balance slightly to the lean side, i. e., to an improved conversion
rate of reducing species, and vice versa. Hence, a simple wayhas been found
to handle the trade-off between the conversion of NO on the one hand and CO
or HC on the other hand.
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Figure 6.4: Setpoint maps of the oxygen occupancies withqO2/qCO = 1 dependent on
the engine speed (neng) and load (leng). Notice that some axes are reversed.

Control Methodology

For the control of the oxygen storage levels or rather occupancies, various pos-
sibilities can be taken into account. When evaluating these,the following as-
pects were particularly considered:

• Simplicity: The controller should be as simple as possible and not con-
sume much CPU power.

• Parametrisation: It should be possible to parameterise thecontroller eas-
ily without the need of extended measurement or tuning campaigns.

• Observer based: The observer provides a very good, nonlinear estimate
of the storage levels/occupancies. The controller should make use of
these quantities, i. e., a state feedback controller is preferred.

The first claim rules out nonlinear strategies or optimal strategies with a finite
time horizon, such as model predictive control. Notice thatthe high level of dis-
turbances at the inlet and the necessity of a low bandwidth additionally cancel
out the advantages of this type of strategies. To account forthe nonlinearity of
the system, an LPV (linear parameter variation) approach issufficient regarding
the inherent stability of the system and the necessity of only low bandwidths.
On the other side of the spectrum of complexity, a PI(D) controller exhibits
a very simple structure. However, for the parametrisation,a simple and clear
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6 Control of a Three-Way Catalytic Converter

methodology is required. A very simple and straightforwardapproach is the
use of a state feedback controller, which can be parameterised using the LQG
or H∞ method. Both strategies allow a transparent implementation and adap-
tation of the specifications to the whole range of operating points and are thus
suitable for the automated design of an LPV controller. Because only a slow
controller with a correspondingly low bandwidth is required, it has been de-
cided that an LQ state feedback regulator is sufficient for the task. Its design,
implementation and performance on the engine testbench will be presented in
the following section.

6.3 Control of the Relative Oxygen Storage
Levels

The estimated oxygen occupancies or relative oxygen storage levels shall be
controlled with a linear quadratic (LQ) state feedback regulator. Together with
the (extended) Kalman filter, the complete control scheme forms an LQG (lin-
ear quadratic gaussian) controller. This type of controller is well documented
in the literature, see [91] or [26]. Therefore, the method in general will be
only discussed briefly. However, specific aspects, such as stability and design
parameters will be addressed in more detail. In the following, the LQ control
algorithm and its application for TWC control including the realisation using
LPV will be discussed. Then, a selection of measurement results will be pre-
sented. Finally, the estimation of the offset of the wide-rangeλ sensor at the
TWC inlet will be addressed.

6.3.1 Design of an LQ Regulator for the TWC

Since an LPV approach is chosen to account for the nonlinearity of the sys-
tem, the locally linearised system is considered to be time-invariant. Hence, a
time-invariant LQ regulator with an infinite time horizon can be designed. The
problem formulation and solution is briefly summarised herefor convenience
[40].

Consider a linear, time-invariant plant

ẋ(t) = Ax(t) + Bu(t)

x(0) = x0 (6.11)

with the reference output
y(t) = Cx(t) (6.12)
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6.3 Control of the Relative Oxygen Storage Levels

Find the control inputuopt(t), which minimises the quadratic cost function

J(u) =

∫ ∞

0

(

xT(t)Qx(t) + uT(t)Ru(t)
)

dt (6.13)

where

[A,B] → controllable(stabilisable)

[A,C] → observable(detectable)

Q = CTC

R > 0 and diagonal (6.14)

This constrained optimal control problem can be converted to an unconstrained
optimisation problem using Lagrange multipliers. The derivation of the solu-
tion can be looked up in e. g. [26].

The optimal controller minimising the cost function (6.13) can be expressed
in the following manner:

uopt(t) = −R−1BTK∞x(t) (6.15)

whereK∞ is the only positive-definite (positive-semidefinite if[A,B] is sta-
bilisable and[A,C] is detectable) solution of the following algebraic Riccati
equation:

0 = −ATK − KA + KBR−1BTK − Q (6.16)

Basically, the LQ regulator exhibits guaranteed phase and gain margins. How-
ever, in combination with a Kalman filter, i. e., in an LQG setup, no robustness
margins are guaranteed. This can be overcome with with a so called loop trans-
fer recovery (LTR) procedure for non-minimum phase systems[36]. However,
care must be taken, since LTR may involve an increase of the control signal
energy, which should be avoided here, as has been discussed in the previous
section. Since the plant is nonlinear, only local robustness margins can be in-
vestigated anyway. However, only a low bandwidth of the controller is required
and the system is inherently stable. Hence, no problems withthe robustness are
expected. The control loop will be inspected more thoroughly further below.

The structure of the state feedback controller is very simple. In fact, for
each state variable, a P-controller results. The plant is not inherently integrat-
ing, hence, a steady-state offset of the state variables might occur. To avoid
this, the plant is extended with an integrator, in order to provide good tracking
performance.
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6 Control of a Three-Way Catalytic Converter

Realisation of the LQ Regulator

As has been discussed above, only the relative oxygen storage levels or rather
occupanciesθO,i will be controlled. Therefore, the system is linearised in a
range of operating points, where the steady-state variables and setpoint maps
have been obtained with the procedure described in6.2.2. The temperatures
Ts,i and occupanciesθCO,i are also obtained from this procedure. They are
treated as parameters. The dynamics of the engine and the wide-rangeλ sensor
including theλ controller are neglected. The control variable isλexh. The
exhaust gas mass floẇmexh and temperatureTexh are constant in one operating
point. Thus, the dynamics and the input matricesAθO

andBθO
are obtained as

follows:

AθO
=

∂fθO
(xθO

, λexh)

∂xθO

∣

∣

∣

∣

∗

BθO
=

∂fθO
(xθO

, λexh)

∂λexh

∣

∣

∣

∣

∗

(6.17)

Subscript∗ denotes a steady-state operating point.xθO
is the reduced state

vector, which only consists of the oxygen occupancies.fθO
(xθO

, λexh) stands
for the corresponding set of nonlinear state equations.

As has been mentioned before, the plant is extended with an integrator in
order to enhance the tracking performance of the controller. The state of the
last cell mainly determines the outlet gas composition of the TWC. Remember
that the setpoint maps have been obtained from the conversion efficiencies of
this cell. Therefore, it is important that the relative oxygen level of this cell
does not exhibit any steady-state control error. Hence, theextension of the
plant is only attached to the occupancy of cell 3. With the state equation of the
extension

ẋe = δθO,3 (6.18)

and the integrator gainKI , the linearised state-space model of the extended
plant can be expressed as follows:

[

δẋθO

ẋe

]

=

[

AθO
0

[

0 0 1
]

0

] [

δxθO

xe

]

+

[

BθO

0

]

[δλexh]

[δy] =
[

CθO
KI

]

[

δxθO

xe

]

(6.19)

δ denotes the difference of the actual value of a variable fromthe nominal
trajectory. δy is a fictive output. Notice that the output matrix is used as a
tuning parameter for the determination ofQ, see (6.14).
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6.3 Control of the Relative Oxygen Storage Levels

Having derived the linearised state-space model of the TWC, the specific
cost function for this problem can be formulated:

J(δλexh) =

∫ ∞

0

(

qθO,1
δθ2

O,1 + qθO,2
δθ2

O,2 + qθO,3
δθ2

O,3 + . . .

. . . + K2
I x2

e + rδλ2
exh

)

dt (6.20)

qθO,i
denotes theith diagonal element of the matrixQ. With the tuning pa-

rametersqθO,i
, KI , andr, the performance of the controller can be adjusted.

Notice that the variance or signal energy ofδλexh can be directly “punished”
with the parameterr. Hence, whenQ is determined, the balance between the
conversion rates of NOx, HC, and CO can be directly adjusted withqO2

/qCO

from the previous section andr. Thus, the LQ regulator in this form offers a
surprisingly transparent possibility to balance the TWC.

The choice ofQ andKI is basically driven by the demand for robust tracking
behaviour and efficient inlet disturbance rejection. At first sight, it is reason-
able to put a lot of weight on the last cell, since this cell mainly drives the
TWC outlet concentrations. However, with this, the buffer effect of the first
two cells is somewhat neglected, which can have a destabilising effect on the
control system. This is exactly the problem with control systems aiming at the
voltage of the switch-typeλ sensor located downstream of the TWC. In fact,
tests have shown that a fast recovery of the second cell afterheavy disturbances
or fuel cut-offs enhances both the stability of the system and the ability to damp
λ excursions substantially. The first cell is naturally the one, where most of the
conversion occurs in the model, since ageing is assumed to affect the whole
TWC homogeneously. The buffering effect is only limited here. Hence, less
weight is to be put on the state of this cell. The integrator should only affect
the system “on the long run”, i. e., very slowly. It is mainly necessary to bal-
ance out offsets of the wide-rangeλ sensor at the inlet of the TWC. This is
used for the sensor diagnosis, as will be shown in the result section. All these
considerations above lead to the following choice of parameters:

qθO,1
= 0; qθO,2

= 102; qθO,3
= 1; KI = 0.022

With this set of parameters, disturbances at the input are damped well. The
tracking behaviour of the last cell is not very good. This is not a big prob-
lem during normal operation, since the setpoints of the occupancies only vary
little. However, after a fuel cut-off, cells 1 and 2 recover fairly quickly, but
oxygen depletion of cell 3 is far too slow. Therefore, a feedforward procedure
has been implemented for the recovery after a fuel cut-off. Thereby, the en-
gine is operated 0.5% rich as long as the oxygen occupancy level of the third
cell is more than 10% above the setpoint. With this relatively small deviation
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6 Control of a Three-Way Catalytic Converter

from stoichiometry, extensively low oxygen levels of the first two cells can be
avoided.

The choice of the other two parametersr andqO2
/qCO and their influence

on the conversion rates will be discussed and demonstrated in the result section
further below. The structure of the complete realised control system including
the extended Kalman filter is depicted in Figure6.5.

As has been mentioned already, nonlinearities of the model have been ac-
counted for using LPV. This means that the controller structure is fixed, but the
parameters such as feedback gains or the integrator gain in the case focused
on here change with the engine operating point. If the variation of these con-
trol parameters is slower than the controller dynamics, their dynamics can be
neglected. Hence, they can be implemented by means look-up tables. Notice
that the (LQ) parametersr andQ have been kept constant here for all operat-
ing points. Alternatively, they could also be adjusted in anLPV approach, for
example, if a specific bandwidth or other criteria for the controller performance
are required. Here, only the system matricesAθO

andBθO
vary dependent on

the engine operating point.

Robustness Analysis

For the analysis of the robustness, the plant was linearisedin the steady-state
operating points corresponding to the setpoint maps, see Section 6.2.2. Using
the linearised system, an LQG controller was designed with theQ andR ma-
trices, which were used for the extended Kalman filter and theLQ regulator. Of
course, robust stability of this linearised system does notguarantee the robust-
ness of the overall nonlinear system. However, sufficientlyhigh gain and phase
margins in all operating points at least indicate that no major stability problems
are to be expected.

The design of the LQG controller is well documented in the literature (see
[26] or [91]) and shall not be discussed here. The Nyquist plot of the open loop
gainLe(s) for all tested operating points is shown in Figure6.6. Le(s) is the
product of the plant transfer functionG(s) and the controller transfer function
K(s):

Le(s) = G(s) ·K(s)

=
(

C [sI − A]
−1

B + D
)

·
(

G [sI − A + BG + HC]
−1

H
)

(6.21)

A, B, C, D are the system matrices of the linearised plant. Notice thatthe plant
is extended with an integrator element as has been discussedin the LQ regulator
design section above.G denotes the state feedback gain matrix of the LQ
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Figure 6.5: Sketch of the entire realised control system including the LQ regulator and
the extended Kalman filter. The numbers refer to the following components: 1 Air
mass flow meter; 2 Throttle; 3 Intake manifold; 4 Fuel injection valve; 5 Spark plug;
6 λ sensor upstream; 7 TWC; 8λ sensor downstream.

regulator.H is the observer gain matrix of the Kalman filter. Notice thatG and
H have been obtained from the reduced state-space models as described in the
corresponding sections above and in Chapter5. In order to fit into (6.21), zero
elements were added according to the omitted feedback signals in the design.

From the Nyquist plot, it can be seen that ample robustness margins are
obtained for all operating points. From the point of view of stability, no major
problems are expected.

Adaptation to TWC Ageing

The dynamics of the TWC change with ageing because of the decreasing stor-
age capacity. This has to be taken into account, both for the design of the
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Figure 6.6: Nyquist diagram for all operating points of the loop gain function Le(s).
The range of operating points includes engine speeds between 800 and 4000 rpm, and
engine loads between 15 and 60%.

setpoint maps and the maps of the state feedback gains. Hence, these maps
have to be extended by one dimension, to include the dependence on the stor-
age capacity. Another approach might be to include this dependence by means
of heuristic linear or quadratic functions. The choice depends on the resources
which are available in the control unit. Since the storage capacity only changes
slowly, no problems are expected from the adaptation. In theexperiments pre-
sented here, the former approach was used.

6.3.2 Controller Performance on the Engine Test Bench

To illustrate the performance of the TWC controller, the results are presented in
three parts. In the first part, engine load steps and a fuel cut-off sequence with
an adjacent oxygen depletion phase is shown both with theλ controller only
and with the TWC controller in comparison. In the second part,an example of
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6.3 Control of the Relative Oxygen Storage Levels

an FTP cycle measurement is presented. Finally, the accumulated amounts of
NO, HC, and CO obtained with differently aged TWCs and differently balanced
control setpoints are compared to the ones obtained from aλ = 1 strategy. The
experiments presented in the first and in the second parts have been performed
with a moderately aged TWC (at900 ◦C, see Section2.5).
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Figure 6.7: Performance with aλ controller only during load steps and a fuel cut-off.
The test has been performed at an engine speed of1500 rpm with a moderately aged
TWC (at900 ◦C, see Section2.5).
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test has been performed at an engine speed of1500 rpm with a moderately aged TWC
(at900 ◦C, see Section2.5). The ratio of the conversion efficienciesqO2/qCO was 1.
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Figure6.7shows the engine load, the raw exhaustλ, the switch-typeλ sensor
voltage, and the oxygen occupancies of the three cells during two load steps
and a fuel cut-off. Only aλ = 1 strategy was applied, i. e., no TWC controller
was used. For comparison, the setpoints of a TWC controller with a desired
conversion ratioqO2

/qCO of 1 are shown, as well. In order to obtain a well-
balanced TWC,λexh was excited with a high frequency during the first 10
seconds. At30 s, the load was switched from 30 to 50% and back to 30% at
50 s. These load changes were imposed by a step of the throttle angle. At 70 s,
the fuel was cut during approximately10 s to emulate a fuel cut-off. The whole
procedure was performed at an engine speed of1500 rpm. Since the dynamics
of the intake manifold and the wall-wetting cannot be perfectly compensated,
a lean peak occurs at a sudden increase of the load. The fuel path dynamics
cannot follow the air, which flows directly into the cylinder. The opposite is
true, when a load step to a lower level is imposed. A peak ofλexh to the rich
side occurs. When the fuel is cut-off,λexh of course increases, theoretically to
infinity.

It can be observed that the wide-rangeλ sensor obviously exhibits a slight
rich offset. Hence, theλ controller shifts the balance slightly to the lean side,
which results in a switch-typeλ sensor voltage well below300 mV and leads
to high oxygen storage levels. Notice that the level of the first cell seems to be
quite robust against theλ offset, whereas the second and particularly the third
cells are more sensitive. This can be explained with the factthat in the first cell,
still reasonable amounts of all species, i. e., O2, CO, and H2 are present. This is
not the case in the following cells, which leads to a considerably increased ratio
between the oxygen storage and the oxygen depletion reaction rates under lean
operation or vice versa under rich operation. This effect ismore pronounced
with fresh TWCs, which makes them particularly hard to be controlled stably.
Notice that this is not reflected by a model which consists of only one single
cell. A further interesting phenomenon is the dependence ofthe oxygen occu-
pancies on the engine load. Especially the occupancy of the third cell stabilises
at a lower level, when the engine is operated at a higher load.This is also re-
flected in the setpoint maps, see Figure6.4. Notice however, that a part of this
effect might also be caused here by a load dependentλ sensor offset. Since the
TWC is generally balanced slightly lean in this example, the effect of the fuel
cut-off is rather limited. The oxygen occupancies of all three cells converge rel-
atively fast to the value before the fuel cut-off occurred. However, these levels
are quite high, so the test with this configuration is not verymeaningful.

Figure6.8shows the same test as above, with load changes and a fuel cut-off.
This time, the TWC controller is in use. Therefore, also the output signal of the
controller,∆λ is depicted. Generally, the balance of the TWC is considerably
improved as compared to before. This clearly shows that the TWC controller
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can make up for offsets of the upstream wide-rangeλ sensor. The disturbances
are damped reasonably well. The tracking behaviour is good,even after the fuel
cut-off, where the desired state is recovered after approximately20 s. This is
mainly achieved by the feedforward controller. From∆λ it can be seen that the
TWC is operated 0.5% rich during approximately15 s after resetting the fuel
injection. Notice that the oxygen occupancies of cells 1 and2 are considerably
decreased during TWC recovery. If the LQ regulator was used during this
period, both cells would be tightly controlled, leading to avery slow recovery
of cell 3. As soon as the regulator is activated again, i. e., at approximately
85 s, the occupancies of cells 1 and 2 quickly converge to the setpoints.

All in all, it can be stated that the controller performs well, both during load
steps and after fuel cut-offs. Similar results are obtainedat other operating
points. With this, the controller is ready for an assessment, where its perfor-
mance is tested on differently aged TWCs in FTP cycles.

The data for the FTP cycles, which have been used in this investigation, were
recorded from a vehicle with a manual transmission. As a consequence, a con-
siderable number of fuel cut-offs occur. Thereby, two main challenges arise.
First, when the cut-off occurs during a gear-shift sequence, the closing of the
clutch and simultaneous increase of the load leads to a sudden increase of the
air mass flow, which may cause a lean peak, as has been demonstrated above.
If a fuel cut-off occurred because of the sudden release of the gas pedal before
opening the clutch, the lean peak enters a TWC, which is considerably filled
with oxygen. This may lead to a lean break through, which goeshand in hand
with an NO peak at the TWC outlet. The second problem is the fuelcut-off
because of a deceleration phase before a stand-still of the vehicle. In that case,
the oxygen has to be depleted during engine idle operation, where the combus-
tion is relatively bad and only a small mass throughput is present. Hence, the
oxygen depletion is very slow. Moreover, it is natural that after the standstill,
a sudden acceleration occurs, which is connected with several gear shifts. This
brings us back to the first problem. It can be said that the FTP cycle with a vehi-
cle equipped with manual transmission is suitable to challenge both the (input)
disturbance rejection and the tracking properties of the TWCcontroller.

Figures6.9and6.10show the performance of the TWC controller during the
last part of an FTP cycle. In Figure6.9, theλ sensor signals and the occupancies
of O and CO are depicted. Figure6.10shows the corresponding TWC control
output signals, the concentrations of NO, HC, and CO, and thetemperatures
upstream and downstream of the TWC. For reference, the enginespeed signal
is shown in both figures. The TWC in use was moderately aged (at900 ◦C, see
Section2.5). The TWC control setpoints were adjusted to a conversion ratio
qO2

/qCO of 1.
The tracking behaviour of the controller is generally good.However, recov-
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Figure 6.9: Performance of the TWC controller during the last part of an FTP cycle, part
I: The raw exhaustλ, the measured and EKF estimated switch-typeλ sensor signals,
the occupancies of O and CO, and the engine speed are shown. The TWCin use was
moderately aged at900 ◦C, see Section2.5. The ratio of the conversion ratesqO2/qCO

was set to 1.
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6.3 Control of the Relative Oxygen Storage Levels

ery of the TWC after fuel cut-offs during engine idle phases isvery slow, as has
been expected. The oxygen level of the last cell remains veryhigh during en-
gine idle phases after resetting the fuel injection, although a permanentλ offset
of 0.5% to the rich side is imposed, as can be seen from the control signal∆λ.
Since the oxygen occupancies of the first two cells reach considerably low lev-
els during these oxygen depletion phases, a higherλ offset has not been taken
into account.

From the concentration measurements, it can be seen that considerable peaks
mainly occur, where the oxygen occupancies are far off the setpoint. This con-
firms that the control of the occupancies is a suitable strategy for the improve-
ment the conversion rates.

The deactivation or rather the CO occupancies remain low during the entire
cycle. This is of course dependent on the storage capacitySC and thus on
the TWC ageing. During the operation in a cycle with frequent fuel cut-offs,
this form of deactivation is not expected to cause major problems. However,
long constant driving conditions under slightly rich conditions, such as on a
(free) motorway, might eventually lead to a higher occupancy of CO in the
TWC. The only cure would be to temporarily operate the engine slightly lean.
Since the internal states including the deactivation of theTWC are accessible
with the here developed extended Kalman filter, the deactivation can be firstly
monitored and secondly depleted without emitting high loads of NO. However,
this is has not been investigated and shall therefore not be discussed further.

The most important question regarding the TWC controller is,of course,
whether the conversion rates of NO, HC, and CO can be improvedor at least
stabilised and adjusted with the weighting factorqO2

/qCO. For this purpose,
a number of FTP cycles (last part only) with differently agedTWCs and with
various controller configurations were performed. Since only the instantaneous
mole fractionsyi could be measured, they had to be integrated with the exhaust
gas mass flow in order to obtain the accumulated mass:

m(NO,HC,CO) =

n
∑

1

y(NO,HC,CO)

RexhM(NO,HC,CO)

ℜ ṁexhhs (6.22)

Rexh denotes the specific gas constant of the exhaust gas. A value of 287 J/kgK
was assumed.hs is the sampling time. Since the C1 equivalent of the total HC
was measured, a molar mass of14 g/mol was assumed, which corresponds to
an H/C ratio of 2. The method for obtaining the total masses ofthe exhaust gas
species is of course quite inaccurate as compared to bag measurements. Espe-
cially since mostly small concentrations are measured, only slight drifts of the
measurement devices may significantly distort the results.However, the abso-
lute values are not so important here, since only a part of theFTP cycle with a
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Figure 6.11: Accumulated amounts of NO, HC, and CO during the last part of an FTP
cycle. “Considerably aged” and “moderately aged” refers to ageing at 1100 ◦C and
900 ◦C, respectively, see Section2.5. “q” refers to the conversion rate ratioqO2/qCO.
“0.1 R” refers to the controller with a reduced weighting of the control signal energy.

warm engine could be measured and no underfloor TWC was used. Therefore,
the attention should be focused on the comparison between the differently aged
TWCs and controller configurations, rather than on the absolute values of the
accumulated masses.

The results for three differently aged TWCs (considerably aged, moderately
aged, and fresh) are depicted in Figure6.11. Thereby, six tests were performed
with each TWC. In the first test, the cycle was performed with aλ = 1 con-
troller only, no TWC controller was in use. In tests 2-5, the LQregulator was
used with conversion rate ratiosqO2

/qCO of 0.6, 0.8, 1.0, and 1.2. The final
test was performed with a ratio of 1.0 and a weighting factor for the control
variable decreased by one order of magnitude, which leads toa more aggres-
sive controller with a higher bandwidth. As has been mentioned already, only
the last (hot) part of the FTP cycle has been recorded with theengine being hot.
This was done for two reasons: Firstly, there were no possibilities for climate
conditioning in the test cell. Secondly, engine shut-off and restart could not
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6.3 Control of the Relative Oxygen Storage Levels

be performed in a sufficiently reproducible manner. Notice that only a close-
coupled TWC was in use.

The results of the considerably aged TWC meet the expectations fairly well.
With an increasing conversion rate ratioqO2

/qCO, the NO emissions increase,
whereas the HC and CO emissions decrease. With the TWC controller in use,
the performance is slightly better than with aλ controller only. With a more
aggressive TWC controller, the NO conversion is significantly improved at the
cost of the CO conversion, which is slightly deteriorated. Hence, when choos-
ing a parametrisation, the performance of the second TWC should be taken into
account. If this converter is able to oxidise the CO efficiently, a more aggressive
controller can be used for the close-coupled TWC.

Considering the results of the moderately aged and the freshTWCs, the pic-
ture is not as clear as for the considerably aged one. The mainreason is cer-
tainly the very low concentrations, which cannot be coveredwith sufficient
accuracy by the measurement equipment in use. Another reason might be that
the reproducibility of the measurements is too low to resolve the small dif-
ferences between the different controller configurations.This is actually the
good news: Less aged TWCs seem to be less sensitive to the controller con-
figuration, at least, when the conversion efficiencies are concerned. However,
it can be clearly seen that the use of the TWC controller is veryimportant for
the balance of the TWC. Especially the conversion rate of NO issignificantly
improved when the TWC controller is used. The reason is the generally bet-
ter adjusted oxygen storage levels, which has already been shown in Figures
6.7 and6.8. Fresher TWCs only recover very slowly or not at all from a fuel
cut-off, if no TWC control strategy is used.

To summarise, it can be stated that TWC controller tuning should mainly fo-
cus on more aged converters. Depending on the underfloor TWC (and of course
on the emission limits enforced by legislation), a more aggressive strategy can
be implemented, which improves the NO conversion at the costof the CO. As
for less aged TWCs, a robust balance is required in order to avoid high oxygen
storage levels, which deteriorate the NO conversion. With this prerequisite met,
fresher TWCs always perform better with respect to the three critical species
addressed by legislation.

6.3.3 Sensor Diagnosis

As has been mentioned already, the TWC controller can be used for the diag-
nosis of the wide-rangeλ sensor located upstream of the TWC. With an offset
of this sensor, the TWC observer states are shifted, which results both in dif-
ferent oxygen occupancies and a modified estimated voltage of the switch-type
λ sensor. The extended Kalman filter drives the voltage back tothe measured
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6.3 Control of the Relative Oxygen Storage Levels

value, whereas the controller forces the oxygen occupancies to the setpoints.
This is achieved by the integrating part of the TWC controller. Hence, when
the new steady-state level is reached, the integrator compensates for the offset
of the wide-rangeλ sensor at the inlet of the TWC. The output of TWC con-
troller can thus be interpreted as the sensor offset, because it is actually the
setpoint for theλ controller due to the cascade structure. This procedure was
tested on the test bench. The engine was run in steady-state conditions with
the TWC controller used. The sensor signal was then distortedby 0.1%. The
result is shown in Figure6.12. The disturbance was imposed at approximately
20 s. Since theλ controller immediately reacts, no excursion can be seen in
theλexh-signal. However, from the switch-typeλ sensor signal and from the
occupancies, it can be seen that the system was disturbed. The control signal
∆λ, which has been normalised to 0 at the beginning of the experiment, fol-
lows the error within approximately100 s. The signal has been additionally
filtered for illustration. Unfortunately, the initially correctly indicated error
drifts away after about200 s. Notice that this goes hand in hand with the drift
of the deactivation of cell 3. The problem is that the setpoints of the oxygen
occupancies are not adjusted to the catalyst deactivation,i. e., to the CO occu-
pancies. If these occupancies are increasing as in the example presented here,
the controller has to shift theλ to the lean side to maintain the desired oxy-
gen occupancy. Hence,∆λ drifts to the lean side. Theoretically, this should
be accounted for, if the conversion rate ratios are to be maintained exactly, as
can be seen from (6.9). As far as the overall conversion efficiency of the TWC
is concerned, this adjustment is not crucial, as has been demonstrated above.
However, for the detection of smallλ sensor offsets, this cannot be neglected.
Therefore, the difference between the actual CO occupancy and its calculated
steady-state value has been taken into account using (6.9) and the controller
gainK3 of cell 3 for the correction of the calculated sensor error.

∆λcorr = ∆λ +

(

− qO2

qCO

k1

2
+

k6

2
+ k5

)

∆θCO,3

qO2

qCO

k1

2
+ k2 − k5

K3 (6.23)

The result of this correction is presented in Figure6.13. Now, the indicated
offset remains at the correct value, the sensor offset can beaccurately deter-
mined with this method. Thus, this method is suitable for thediagnosis of the
wide-rangeλ sensor.

The example presented here is of course somewhat academic, since every-
thing runs under nice steady-state conditions. During transient operation, such
a robust and accurate result could hardly be obtained. However, in reality, the
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Figure 6.13: Test of the upstream wide-rangeλ sensor diagnosis with correction of the
error occurring from drifting CO occupancies. An offset of +0.1% isadded toλexh

at 20 s. The corrected TWC control outputλcorr has been normalised to zero at the
beginning of the experiment.

goal of the diagnosis is not to detect such small offsets quantitatively as in the
example, but rather significant faults occurring from sensor malfunctions.

An open question is of course the reliability of the switch-type sensor, on
which the concept is based. This problem has not been investigated here. How-
ever, a hint can be given about how it can be approached. The main challenge is
to differ between errors of the upstream and the downstream sensors. If there is
a satisfactory solution at all, this can only be obtained by investigating the dy-
namics of the observer, especially the interaction of the sensor signals and the
oxygen occupancies. It is likely that this behaviour is differently influenced by
distortions of the two sensor signals. If the types of behaviours can be reliably
separated, the diagnosis of the downstream sensor can be realised.
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6.4 Conclusion

A controller for the relative oxygen levels or rather the oxygen occupancies
has been derived. Thereby, an LQ regulator with an integrator extension for
the third cell has been found to be suitable, since it directly uses the estimated
states of the nonlinear observer with a very simple P-control structure for each
element. The regulator is adjusted to the engine operating points using LPV.
It is implemented in a cascade structure, where it adjusts the setpoint of the
λ controller. With the chosen configuration it has been found to exhibit ample
robustness margins in a wide range of engine operating points.

The setpoints for the oxygen levels at different engine operating points are
obtained from an automated offline procedure, where the ratio between the
modelled conversion rates of CO and O2 can be directly chosen. With this
ratio, the TWC can be balanced between lean and rich operation, which directly
influences the conversion rates of the critical species, NO,HC, and CO. The
conversion rates of CO and NO have been found to be additionally dependent
on the variance of the control signal, which can be directly adjusted with the
weighting in the cost function of the LQ regulator. For aged TWCs, a more
aggressive controller improved the NO conversion significantly, whereas the
CO conversion was slightly deteriorated.

For a robust damping of theλ disturbances at the TWC inlet, the second cell
has to be controlled tightly during normal operation. In order to provide fast
recovery after a fuel cut-off, a feedforward controller hadto be implemented.
Thereby, the engine is operated slightly rich, until the oxygen occupancy of cell
3 approaches the setpoint.

The controller was tested on the last part of an FTP cycle withfrequent fuel
cut-offs due to a manual transmission of the vehicle. The accumulated emis-
sions could be slightly reduced downstream of a considerably aged TWC. For
fresher converters, especially the NO conversion was substantially improved as
compared to a simpleλ controller because of a better lean/rich balance. It was
found that the conversion rates of the three critical species can be adjusted with
two tuning parameters, the ratio between the conversion rates of the modelled
CO and O2, and with the weighting of the control signal in the quadratic cost
function of the LQ regulator.

Since the LQ regulator is extended with an integrator, offsets of the wide-
rangeλ sensors are compensated. Because the control signal is the setpoint for
theλ controller, it can be interpreted as this offset under steady-state conditions.
This has been successfully tested. A sensor offset of 0.1% could be reliably
detected on the engine test bench.
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7 Conclusions

The increasingly stringent limits for the emission of NO, HC, and CO dur-
ing the recent years and in the future make an active control mechanism of
the TWC indispensable. Additionally, legislation dictatesthe persistent mon-
itoring of the exhaust gas aftertreatment system includingan indication to the
driver in case of malfunctions. Both monitoring and controlconcepts rely on
λ sensor information downstream of the TWC. Thereby, these sensor signals
can be heavily distorted by the hydrogen concentration in the exhaust gas. This
hydrogen concentration in turn is subject to the dynamics ofthe TWC, which
are dependent on the operating condition of the engine and the ageing level of
the converter.

In this thesis, a control and diagnosis strategy has been developed which not
only accounts for the oxygen storage dynamics, but also predicts the hydrogen
concentration levels and their influence on theλ sensors.

Throughout the thesis, only close-coupled TWCs with a wide-rangeλ sen-
sor upstream and a switch-typeλ sensor downstream have been focused on.
Underfloor converters have not been considered.

For the investigation of the TWC’s dynamic behaviour in termsof storage
and exhaust gas composition, a detailed 1-D model has been derived. The
model is capable of reflecting well the transient response ofthe gas components
to low-frequencyλ excitations for various engine operating points and ageing
levels. A special focus has been placed on the components subject to legislation
(NO, HC, CO) and significant for theλ sensor outputs (O2, H2). It has been
found that apart from the oxygen storage, a rather slow deactivation process has
an impact on the dynamics of the TWC, especially under rich engine operation.
Thereby, the catalyst surface is slowly covered by hydrocarbons, which leads
to a reduced activity of the water-gas shift and the steam-reforming reactions.
Hence, the ratio between H2, CO, and HC is still changing long after the stored
oxygen has been depleted. It has been shown that even the conversion rate of
NO can deteriorate with advanced deactivation under rich operation.

In order to determine how the gas components influence the signal of the
switch-typeλ sensor, a detailed model has been developed, which accountsfor
the diffusion through the protection layer and the reactionkinetics both on the
electrodes and on the electrolyte. The dependence of the sensor signal on the
most important species such as CO, H2, and HC is reflected accurately. It has
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been found that high voltage outputs, which are measured under rich operation,
can only be established with the presence of H2 or CO, rather than with a short-
age of O2 only. In other words, the chemical potential of the oxidation of rich
species drives the sensor voltage output during rich operation.

From the results of the detailed sensor and TWC models, it has been con-
cluded that a control and diagnosis strategy has to account for the oxidation
or production of H2 in the TWC and its influence on the switch-typeλ sen-
sor. Therefore, a simplified control-oriented model has been deduced from the
complex models. The model accounts for the oxygen storage and the TWC
deactivation by a CO storage mechanism. Thereby, three components are con-
sidered, namely O2, CO, and H2. The NOx are incorporated in the O2 con-
centration, whereas the HC are included in CO. Additionally, the temperatures
are calculated. The model consists of three consecutive cells which account
for the axial distribution of the state variables. The switch-typeλ sensor has
been modelled by means of an algebraic function. The inlet gas concentrations
to the TWC have been calculated by means of a simple exhaust gasmodel de-
rived from stoichiometric considerations and heuristic functions obtained from
measurements. The complete model is capable of very accurately reflecting the
transient behaviour of the system in a wide range of operating points and TWC
ageing levels.

The control-oriented model has been used for the development of an ex-
tended Kalman filter, which serves as an observer of states such as the oxygen
storage levels and for the online identification of the storage capacity. The for-
mer is used for control, the latter for diagnosis purposes and for the adaptation
of the controller. The online estimation algorithm has beenfound to perform
robustly, the storage capacity of differently aged TWCs was identified with
arbitrary initial values within a few hundred seconds.

For the control of the oxygen storage levels, an LQ regulatorwith an inte-
grator extension has been designed. The controller has beenembedded in a
cascade structure. Hence, the TWC-controller output is the setpoint for theλ-
control system. The nonlinearity has been accounted for by means of LPV
(Linear Parameter Variation). The LQ regulator design has been preferred
because of its simple controller structure and the transparent meaning of the
design parameters. A TWC controller mainly follows two goals: First, dis-
turbances at the inlet occurring from temporary mismatchesof the fuel and
air path dynamics, which cannot be handled by the wall-wetting compensator
or λ-feedback controller should be damped. Secondly, the TWC should be
kept in a state where heavy disturbances can be buffered and any offsets of the
wide-rangeλ sensor located upstream can be compensated for. A substantially
increased weighting of the oxygen storage level of the second cell brought the
best results in terms of stability especially of less aged TWCs and of emissions.
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However, a feedforward strategy had to be implemented to allow a sufficiently
fast depletion of the stored oxygen after a fuel cut-off. Forthe setpoints for the
regulator, a procedure has been developed which automatically creates setpoint
maps. Thereby, only one parameter has to be specified which adjusts the ratio
between the conversion rates of reducing and oxidising species. With a second
tuning parameter, the signal energy of the control variablecan be adjusted. The
signal energy has been found to directly influence the conversion rates of CO
and NO.

The controller brought an improvement of the conversion rates of NO, CO,
and HC for all ageing levels, as compared to aλ = 1 strategy. The better bal-
ance of fresher TWCs resulted in a significantly improved conversion rate of
NO. When an aggressive controller was used, the NO emissions of a consider-
ably aged TWC could be roughly cut in half at the cost of a 20% increase of the
CO and with no impact on the HC emissions. A strategy has been developed
to estimate the offset of the upstream wide-rangeλ sensor using the integrator
extension of the LQ regulator. An offset of 0.1% could be reliably detected on
the engine test bench.

The strategy presented here offers a variety of starting points for further de-
velopments. Some of the most obvious which are recommended by the author
are listed in the following:

• Extension to the underfloor TWC: Modern exhaust gas aftertreatment
systems consist of two TWCs. An extension to the second converter is
straightforward. Depending on its conversion capabilities, the controller
can be parameterised accordingly.

• Ageing of the downstream switch-typeλ sensor: Similar to an offset of
the upstreamλ sensor, a changing behaviour of the device influences the
performance and behaviour of the extended Kalman filter. This should
be properly analysed, since it might offer the possibility of differentiating
between distortions of the signals of the twoλ sensors.

• Estimation of the NO and HC concentrations: The simple and physically
transparent model structure offers the possibility of extensions. It is very
likely that the model can be extended to accurately estimatethe NO and
HC concentrations without substantially increasing the consumption of
CPU power. With such an extension, at least the diagnosis could be
directly based on the conversion rates instead of the storage capacity.

• Temperature sensor downstream of the TWC: With a temperature sensor
located downstream of the TWC, the Kalman filter could be supported
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7 Conclusions

with an additional signal. This would improve the robustness and relia-
bility of the diagnosis and definitely clear the path towardsdiagnosis of
the downstreamλ sensor.
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A Determination of λ from Exhaust
Gas Components:

A.1 Evaluation Procedure for the Exhaust
Gas Measurements

The following problems arise when evaluating the data whichhas been recorded
with the equipment described in Section2.2

• The measurements of CO/CO2 only produce the concentrations scaled to
the dried exhaust gas.

• The NO concentration measurements are distorted because ofquenching
of the chemiluminescence reaction by H2O and CO2.

• The sum of the mole fractions measured with the mass spectrometer (H2,
O2, H2O, N2) is scaled to 1.

• Water and nitrogen calibrations are not accurate. N2 calibration is per-
formed at a concentration of 99.5%. Water is calibrated withhumid air,
which is supposed to be saturated at room temperature.

These problems make the following data evaluation procedure necessary:

1. Recalibration of the water and nitrogen concentration measurements at
the engine running in steady-state conditions.

2. Calculation of the wet CO/CO2 concentrations.

3. Calculation of the corrected NO concentration.

4. Rescaling of the mass spectrometer measurements.

Recalibration of H 2O, N2, and CO2

For the recalibration of the H2O and N2 measurements, the engine is run in
steady-state conditions at 10% lean from stoichiometry, i.e., λ = 1.1. Since
the measurements are performed downstream of the TWC, it can be assumed
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that the concentrations of H2, CO, and HC are zero. The offset of theλ sensor
is basically unknown. However, it is assumed to be quite accurate far lean from
stoichiometry and downstream of the TWC. Its maximum offset is assumed
to be 0.5%. Theλ measured at this point isλcal. In order to determine the
theoretically correct concentrations of CO2, H2O, N2, and O2 at this calibration
point, a very simple combustion calculation is performed. It is assumed that
only CO2, H2O, O2, N2, and NO occur in the exhaust downstream of the TWC
atλ = 1.1. The gasoline consists of carbon (C), hydrogen (H) and oxygen (O)
at ratios obtained from an analysis performed at the Swiss Federal Laboratories
for Materials Testing and Research (EMPA). Traces of N and other compounds
are neglected. The composition of the humid air is assumed tobe

(21 − 0.21ϕ) ·O2 + (79 − 0.79ϕ) ·N2 + ϕ ·H2O (A.1)

whereϕ is the water concentration in % in the humid air. Thus, the overall
combustion reaction can be expressed as follows:

1
(

α + β
4 − γ

2

)

λ
CαHβOγ + O2 +

79 − 0.79ϕ

21 − 0.21ϕ
N2 +

ϕ
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H2O →
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Thereby, the coefficients are
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The coefficient for NO,ν5, is obtained from measurements, which are corrected
in this point as follows:

ycal
NO = ymeas

NO (1 + qH2Oycal
H2O + qCO2

ycal
CO2

) (A.4)

qH2O andqCO2
denote the correction factors for the compensation of the dis-

tortion occurring from the quenching of the chemiluminescence reaction in the
NO measurement device by H2O and CO2.
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As has been shown in Section2.2, CO2 is measured in the dehumidified
exhaust gas. The relation of the dry and the wet CO2 mole fractions is

ydry
CO2

=
ywet
CO2

1 − yH2O + ydry
H2O

(A.5)

ydry
H2O

is the mole fraction of the water in the dehumidified exhaust gas. It corre-
sponds to the saturation concentration of water at5 ◦C, which is the operating
temperature of the Horiba device.

The mole fractions of CO2 and H2O can be obtained from (A.3) and inserted
in (A.5), leading to
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CO2

=
ν1

5
∑
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1 − ν2
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∑
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(A.6)

This allows the calculation of a correction factor for the CO2 concentration,
i. e.,

ydry
CO2

= fCO2
ymeas
CO2

(A.7)

Fromλcal, the calibration mole fractions of water, nitrogen, and CO2 can be
calculated:

ycal
H2O =

ν2(λ
cal)

5
∑

i=1

νi(λ
cal)

ycal
N2

=
ν4(λ

cal)
5
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i=1

νi(λ
cal)

ycal
CO2

=
ν1(λ

cal)
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νi(λ
cal)

(A.8)
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The calibration mole fraction of NO has already been calculated in (A.4). The
sum of the mole fractions obtained from the mass spectrometer (ξi) is scaled to
1. Notice that there are no hydrogen or hydrocarbons present, hence:

ξcal
N2

=
ycal
N2

1 − ycal
CO2

− ycal
NO

ξcal
H2O =

ycal
H2O

1 − ycal
CO2

− ycal
NO

(A.9)

The goal is now to derive correction factorsfH2O andfN2
for the water and

the nitrogen mole fractions. These will be valid in all operating conditions,
since the ion currents are proportional to the partial pressures in the focused
operating region, see also Section2.2.

The sum of corrected fractions has again to be scaled to 1. Hence, the correc-
tion factors have to adjust the fractionsafterscaling, they cannot be obtained by
simply dividing the measured (ξmeas

i ) by the calculated mole fractions (ξcal
i ).

The new mole fractions after scaling are

ξcal
H2O =

fH2Oξmeas
H2O

ξmeas
O2

+ fN2
ξmeas
N2

+ fH2Oξmeas
H2O

ξcal
N2

=
fN2

ξmeas
N2

ξmeas
O2

+ fN2
ξmeas
N2

+ fH2Oξmeas
H2O

(A.10)

Solving for the correction factors yields the desired result:

fH2O =
ξmeas
O2

ξmeas
H2O

ξcal
H2O

− ξmeas
H2O

(

1 +
ξcal
N2

ξcal
H2O

)

fN2
=

ξmeas
O2

ξmeas
N2

ξcal
N2

− ξmeas
N2

(

1 +
ξcal
H2O

ξcal
N2

) (A.11)

With these correction factors, the scaled mole fractions obtained from the mass
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A.1 Evaluation Procedure for the Exhaust Gas Measurements

spectrometer can be calculated as follows:

ξH2
=

ξmeas
H2

ξmeas
H2

+ ξmeas
O2

+ fH2Oξmeas
H2O

+ fN2
ξmeas
N2

ξO2
=

ξmeas
O2

ξmeas
H2

+ ξmeas
O2

+ fH2Oξmeas
H2O

+ fN2
ξmeas
N2

ξH2O =
fH2Oξmeas

H2O

ξmeas
H2

+ ξmeas
O2

+ fH2Oξmeas
H2O

+ fN2
ξmeas
N2

ξN2
=

fN2
ξmeas
N2

ξmeas
H2

+ ξmeas
O2

+ fH2Oξmeas
H2O

+ fN2
ξmeas
N2

(A.12)

Wet CO/CO2 Concentrations

The CO/CO2 measurement device only provides concentrations related to the
dehumidified exhaust gas. Since water is measured, as well, the CO/CO2 con-
centrations related to the wet, i. e., total exhaust can be obtained. However,
the calculation is somewhat awkward, since the water concentration has to be
obtained from the mass spectrometer measurements, which inturn makes the
use of the CO/CO2 concentrations necessary.

The wet CO/CO2 mole fractions are calculated as follows:

ywet
CO2

= ydry
CO2

(1 − yH2O + ydry
H2O

)

ywet
CO = ydry

CO (1 − yH2O + ydry
H2O

) (A.13)

The water fraction is obtained from the mass spectrometer measurements. These
have to be scaled to the total exhaust gas:

yH2O = ξH2O(1 − ywet
CO2

− ywet
CO − ycorr

NO − yHC)

= ξH2O(1 − ywet
CO2

− ywet
CO − ...

− ymeas
NO (1 + qH2OyH2O + qCO2

ywet
CO2

) − yHC) (A.14)

The simplest way to solve for the H2O, CO, CO2, and NO concentrations, is
to start with the water. Inserting (A.13) in (A.14) and solving for the desired
water fractionyH2O yields after some algebra

yH2O =
ζNO
1 ξH2O(1 − (ζNO

2 ydry
CO2

+ ydry
CO )(1 + ydry

H2O
) − ymeas

NO − yHC)

1 − ζNO
1 ξH2O(ζNO

2 ydry
CO2

+ ydry
CO )

(A.15)
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where

ζNO
1 =

1

1 + qH2Oymeas
NO

(A.16)

ζNO
2 = 1 + qCO2

ymeas
NO . (A.17)

With the known water concentration,yCO2
and yCO can be obtained easily

from (A.13).

Corrected NO Concentration

Now that the H2O and the wet CO2 concentrations are known, the corrected
NO concentration can be calculated as follows:

ycorr
NO = ymeas

NO (1 + qH2OyH2O + qCO2
ywet
CO2

) (A.18)

Rescaling of the Mass Spectrometer Measurements

The sum of mole fractions provided by the mass spectrometer is scaled to 1.
Since four species are not measured by this device, the fractions have to be
rescaled such that the sum of all species becomes 1. This is done in a straight-
forward manner:

yi|i=H2,H2O,N2,O2
=

ξi|i=H2,H2O,N2,O2
· (1 − ywet

CO2
− ywet

CO − ycorr
NO − yHC) (A.19)

A.2 Error Calculation

The goal of this error calculation is to obtain the maximum error inλ, calculated
from the maximum errors of the measurements devices.

Generally, the total maximum error is calculated from the first order Taylor
approximation, i. e., for a general function

y = f(x1, x2, . . . , xn) (A.20)

the total maximum error is calculated from the maximum errors in xi, i. e.,
∆xi, as follows:

∆y =
n

∑

i=1

∆xi
∂f

∂xi
(A.21)
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A.2 Error Calculation

Hence, the total error ofλ calculated from the measured exhaust gas compo-
nents

λ =
2yCO2

+ yCO + 2yO2
+ yNO + yH2O

2yCO2
+ 2yCO + yH2

+
(

2x + y
2

)

yCxHy
+ yH2O

is then

∆λ = ∆yCO2

∂λ

∂yCO2

+ ∆yCO
∂λ

∂yCO
+ ∆yO2

∂λ

∂yO2

+ ∆yNO
∂λ

∂yNO
. . .

+∆yH2O
∂λ

∂yH2O
+ ∆yH2

∂λ

∂yH2

+ ∆yHC
∂λ

∂yHC
. (A.22)

The maximum mole fraction errors of the exhaust gas components ∆yi have
to be calculated following the evaluation procedure described in the previous
section. This is done using the “fundamental” errors, i. e.,measurement errors,
which are:

Errors in the gasoline analysis The ratio of the species in the gasoline,
i. e., C:H:O, isα:β:γ. The errors are thus∆α, ∆β, and∆γ.

Errors in the air composition The composition of the air entering the cylin-
der is not exactly known. The errors are thus∆yair

O2
, ∆yair

N2
, and∆yair

H2O
.

Error in the λcal The water and nitrogen concentrations are calibrated at an
operating point of the engine, whose accuracy is dependent on theλ sen-
sor. The maximum error of this sensor in the calibration point, i. e., 10%
lean of stoichiometry, is∆λcal.

Error in the temperature of the CO/CO 2 device The exhaust gas is de-
humidified by cooling the exhaust and removing condensed water by a
rotating drain separator. It is assumed that the dehumidified air is sat-
urated with water at the cooling temperature. This temperature is not
exactly known, its maximum error is∆T cool. The error of the water
concentration in the dehumidified exhaust, i. e.,∆ydry

H2O
, can be calcu-

lated from Antoine’s law, see Section2.2.

Error in the exhaust gas measurements The errors of exhaust gas mea-
surements depend on the stability, i. e., drift of the measurements on the
calibration gas, on the linearity of the measurement device, on the am-
bient conditions, and on the data communication from the device to the
data collecting computer. All these influences are collected in the total
errors of the exhaust gas components. Notice that these are the errors
of the absolute measurements, i. e., of the dry mole fractions of CO and
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CO2 and of the scaled mole fractions of the mass spectrometer. The er-
rors are thus∆yNO, ∆yHC, ∆ydry

CO , ∆ydry
CO2

, ∆ξH2
, ∆ξO2

, ∆ξH2O, and
∆ξN2

.

The total errors in (A.22) have to be determined from the known errors fol-
lowing the data evaluation process and applying (A.21). Hence, the total errors
∆yH2O, ∆yH2

, and∆yO2
have to be calculated using (A.9), (A.11), and (A.12).

∆yCO and∆yCO2
are obtained using (A.13). ∆yNO and∆yHC are known and

can be inserted directly. The calculation of the errors is straightforward. The
derivation of the complete formalism requires a lot of awkward algebra, which
can be easily obtained using a tool such as Maple or similar. Amuch more
convenient method is to calculate the derivatives in (A.22) numerically.
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B TWC Model

B.1 Derivation of the Mass Balance Equation

The mass balance equations of the TWC model contain a somewhatunexpected
term at the end, which equalizes the slight error which is being made by not
applying a consistent diffusion model, such as the Stefan-Maxwell equations.
The mass balance for the gas channel (3.1) is repeated here for convenience:

̺gε
∂wi

∂t
= εDeff

∂2wi

∂z2
− ṁ

Acs

∂wi

∂z
− DiAgeo(̺gwi − ̺wcvi)

+ wi

∑

i

DiAgeo(̺gwi − ̺wcvi)

The first term on the right-hand side is the diffusion term, followed by the
convection term and a source term, which accounts for the radial diffusion.

Generally, the mass balance for one species reads as follows(without axial
diffusion):

∂mi

∂t
= ṁi(z) − ṁi(z + dz) − ∆ṁi(z)

= −∂ṁi

∂z
dz − ∆ṁi(z) (B.1)

Thereby,∆ṁi(z) denotes the mass transfer in the radial direction:

∆ṁi(z) = DiAgeo(ρgwi − ρwcvi) (B.2)

Expressing the mass of speciesi, mi, with the mass fractionwi, the mass
balance becomes:

∂(mwi)

∂t
= −∂(ṁwi)

∂z
dz − ∆ṁi(z)

m
∂wi

∂t
+ wi

∂m

∂t
= −ṁ

∂wi

∂z
dz − wi

∂ṁ

∂z
− ∆ṁi(z) (B.3)

When the balances of all species are summed, the total mass balance is ob-
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tained:

m
∂ (

∑

i wi = 1)

∂t
+

∂m

∂t
= −ṁ

∂ (
∑

i wi = 1)

∂z
dz − ∂ṁ

∂z
dz −

∑

i

∆ṁi(z)

∂m

∂t
= −∂ṁ

∂z
dz −

∑

i

∆ṁi (B.4)

Inserting the total mass balance (B.4) in the one for the speciesi, (B.3) leads to

m
∂wi

∂t
+ wi

[

−∂ṁ

∂z
dz −

∑

i

∆ṁi(z)

]

=

−ṁ
∂wi

∂z
dz − wi

∂ṁ

∂z
dz − ∆ṁi(z)

m
∂wi

∂t
= −ṁ

∂wi

∂z
dz − ∆ṁi(z) + wi

∑

i

∆ṁi(z) (B.5)

If the radial mass transfer was consistent, the last term would be zero and drop
out.

B.2 Model Parameters

In the following, all parameters of the TWC model are listed. For the geome-
try parameters, physically reasonable values were chosen.The values for the
reaction enthalpies were obtained from the NIST Chemistry Webbook1. The
kinetic parameters were obtained from a calibration procedure, which has been
described in Section3.3.3.

Table B.1: Enthalpies of the produced/consumed species.

enthalpy [kJ/mol]

∆HNO 90.3
∆HCO -110.5
∆HCO2

-393.5
∆HC3H6

20.4
∆HH2O -241.8

Ce2O3 + 1
2O2(g) → 2CeO2 -190.5

1http://webbook.nist.gov/chemistry/
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B.2 Model Parameters

Table B.2: Geometry and material parameters of the TWC model.

Parameter Description Unit Value

Acat Specific catalytic active surface m2/m3 12500
Acs Catalyst cross-sectional area m2 5e-3
Ageo Specific geometric catalyst surface m2/m3 2250
ATWC Outer TWC surface m2 0.023
cp,g Specific heat capacity (gas phase) J/(kgK) 1100
cs Specific heat capacity (solid phase) J/(kgK) 500
Deff Gas dispersion coefficient kg/(ms) 0.1
Dchan Diameter gas channel m 1.5e-3
Dwc Washcoat thickness m 5e-5
VTWC TWC volume m3 4.5e-4
α Heat-transfer coefficient TWC→ exhaust W/(m2K) 82.3
αTWC Heat-transfer coefficient TWC→ ambient W/(m2K) 47.0
ε Volume fraction of gas phase - 0.8
εwc Washcoat porosity - 0.4
λg Heat conductivity gas phase W/(mK) 0.05
λs Heat conductivity solid phase W/(mK) 50
̺s Density solid phase kg/m3 7850

Σv,H2
Diffusion volume H2 cm3/mol 6.12

Σv,H2O Diffusion volume H2O cm3/mol 13.1
Σv,CO Diffusion volume CO cm3/mol 18.0
Σv,CO2

Diffusion volume CO2 cm3/mol 26.9
Σv,C3H6

Diffusion volume C3H6 cm3/mol 61.5
Σv,NO Diffusion volume NO cm3/mol 10.6
Σv,O2

Diffusion volume O2 cm3/mol 16.3
Σv,N2

Diffusion volume N2 cm3/mol 18.5
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B TWC Model

Table B.3: Reaction scheme and parameters of the TWC model.

Reaction O O s / A E
r1 r2 (-) / (s−1) (kJ/mol)

O2(g) + 2∗ → 2O∗ 1 1 0.0017
2O∗ → O2(g) + 2∗ 1 - 1.46e12 231.6
CO(g) + ∗ → CO∗ 1 1 0.295
CO∗ → CO(g) + ∗ 1 - 1.26e5 -6.5
H2(g) + 2∗ → 2H∗ 1 1 0.0141
2H∗ → H2(g) + 2∗ 1 - 1.05e15 173.9
NO(g) + ∗ → NO∗ 1 1 0.0127
NO∗ → NO(g) + ∗ 1 - 8.26e19 116.4
C3H6(g) + 4∗ → C3H5

∗∗∗ + H∗ 1 1 9.01e-5
C3H5

∗∗∗ + H∗ → C2H6(g) + 4∗ 1 1 5.15e1 28.1
CO∗ + O∗ → CO2(g) + 2∗ 1 1 2.29e9 86.1
2H∗ + O∗ → H2O(g) + 3∗ 1 1 4.64e11 48.8
C3H5

∗∗∗ + 5O∗ →
3CO∗ + 2H2O(g) + H∗ + 4∗ 1 1 1.25e6 33.5

NO∗ + ∗ → N∗ + O∗ 1 1 1.74e2 -77.1
N∗ + O∗ → NO∗ + ∗ 1 1 3.94e2 76.9
2N∗ → N2(g) + 2∗ 2 - 2.04e13 116.4
Ce2O3 + 1

2O2(g) → 2CeO2 1 1 0.00013
Ce2O3 + H2O(g) + 2∗ → 2CeO2 + 2H∗ 1 1 4.02e-6 -90.6
C3H6(g) + 12CeO2 →

3CO(g) + 3H2O(g) + 6Ce2O3 1 1 1.18e10 121.8
CO(g) + 2CeO2 → CO2(g) + Ce2O3 1 1 7.22e8 118.1
H2(g) + 2CeO2 → H2O(g) + Ce2O3 1 1 2.51e6 65.5

∗ denotes a vacant site on the noble metal. Superscript∗ stands for adsorbed species (on
the noble metal). The second and the third rows contain the orders of reactants 1 and 2,
respectively.
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C.1 Model Parameters

The parameters of the switch-typeλ sensor model have been generally obtained
from the literature, where available. Model tuning was keptas little as possible.

In TableC.1 the geometry parameter of the sensor model and the boundary
conditions are shown. Only one operating point was investigated. All parame-
ters have been obtained in this investigation.

Table C.1: Geometry parameters and boundary conditions.

Parameter Description Unit Value

Aelectrode Electrode surface m2 1e-4
Asensor Specific diffusion cross-sectional aream2/m3 1e5
ddiff Strength diffusion layer µm 10
ǫ/q Porosity/Tortuosity factor - 0.01
Lelectrode Adsorption capacity mol/m2 1.5e-5

Texh Exhaust gas temperature K 915
pexh Exhaust gas pressure Pa 1e5
Tsensor Sensor temperature K 930
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TableC.2shows the kinetic parameters of the electrode model. All parame-
ters have been obtained from the literature, except for the pre-exponential factor
of the hydrogen desorption, which was adjusted to reflect thesensitivity of the
sensor towards hydrogen more accurately.

Table C.2: Reaction scheme and parameters of the sensor electrode model.

Reaction O O s / A E source
r1 r2 (-) / (s−1) (kJ/mol)

O2(g) + 2∗ → 2O∗ 1 1 0.003 [48]
2O∗ → O2(g) + 2∗ 1 - 5e12 215-60θO [48]
CO(g) + ∗ → CO∗ 1 1 0.84 [48]
CO∗ → CO(g) + ∗ 1 - 1e13 125.6 [48]
H2(g) + 2∗ → 2H∗ 1 1 0.05 [48]
2H∗ → H2(g) + 2∗ 1 - 5e15 75.4 [48]1

NO(g) + ∗ → NO∗ 1 1 0.5 [77]
NO∗ → NO(g) + ∗ 1 - 2.6e8 34.3 [77]
H2O(g) + ∗ → H2O

∗ 1 1 0.1 [48]
H2O

∗ → H2O(g) + ∗ 1 - 1e13 45.2 [48]
CO∗ + O∗ → CO2(g) + 2∗ 1 1 1e15 100-50θO [48]
O∗ + H∗ → OH∗ + ∗ 1 1 1e12 10.5 [48]
OH∗ + ∗ → O∗ + H∗ 1 1 1e8 20.9 [48]
OH∗ + O∗ → H2O

∗ + ∗ 1 1 9e16 62.8 [48]
H2O

∗ + ∗ → OH∗ + O∗ 1 1 1.8e13 154.9 [48]
2OH∗ → H2O

∗ + O∗ 2 - 1e15 51.5 [48]
NO∗ + ∗ → N∗ + O∗ 1 1 8.3e4 56.5 [77]
NO∗ + N∗ → N2(g) + O∗ + ∗ 1 1 2e9 87.8 [71]
2N∗ → N2(g) + 2∗ 2 - 3e10 120 [71]

∗ denotes a vacant site on the noble metal. Superscript∗ stands for adsorbed species (on
the noble metal). The second and the third rows contain the orders of reactants 1 and 2,
respectively.

In TableC.3 the parameters of the electrolyte model II are presented. Since
only one operating point was investigated, the parameters are constant. It is ex-
pected that they are dependent on the temperature, when moreoperating points
are considered. Most probably, an Arrhenius Ansatz would cover the tempera-
ture dependence sufficiently well.

1The original value forA is 1e12 s−1. This modification improved the total result substantially.
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Table C.3: Parameters of the electrolyte model II.

Parameter Unit Value

kf,CO/kf - 1e-1
kf,H/kf - 1e9
ka,H/ka - 5e1

The parameters of the electrolyte model III are presented inTableC.4. Where
provided in temperature dependent form, they have been obtained from the lit-
erature [67], [75]. Parameters which are constant, have been found in this in-
vestigation. Notice that these parameters are based on the assumption that the
surface occupancy of vacant sites is 1.

Table C.4: Parameters of the electrolyte model III.

Reaction Parameter

CO∗ + O⊗ → CO2(g) 4.96e15· e−312900/ℜTsensor

CO2(g) → CO∗ + O⊗ 4.48e-25· e0.0299 ·Tsensor

H∗ + OH⊗ → H2O
∗ + ⊗ 3.75e2· e−66110/ℜTsensor

H2O
∗ + ⊗ → H∗ + OH⊗ 2.06e-3· e0.0016 ·Tsensor

H∗ + H2O
⊗ → H2O

∗ + H⊗ 1.47e6· e−155400/ℜTsensor

H2O
∗ + H⊗ → H∗ + H2O

⊗ 6.38e-7· e0.0110 ·Tsensor

O∗ + ⊗ → O⊗ + ∗ 0.0009
O⊗ + ∗ → O∗ + ⊗ 0.0005
H2O

⊗ + ⊗ ↔ OH⊗ + H⊗ 9.92e2· e−72400/ℜTsensor

H⊗ + O2− ↔ OH⊗ 1.75e2· e205500/ℜTsensor

O2− + ⊗ ↔ O⊗ 2.9
H2O(g) + ⊗ ↔ H2O

⊗ 1.96e-6· e49200/ℜTsensor
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D Observer of a Three-Way Catalytic
Converter

D.1 Model Parameters

The kinetic parameters of the control-oriented TWC model arepresented in
TableD.1. They have been obtained from the calibration procedure described
in Section5.3. Calibration was performed for all TWCs simultaneously.

The parameters of the switch-typeλ sensor model are depicted in TableD.2.
The sensor was always heated, the sensor temperature was notcontrolled under
operation. The parameters have been obtained from measurement data using a
nonlinear least-squares algorithm.

In TableD.3 the geometry, material, and thermodynamical parameters are
shown. Except forαTWC , which was obtained from the calibration routine,
all parameters have been obtained from physical considerations or from the
literature.

Table D.1: Reaction scheme and parameters of the control-oriented TWCmodel.

Reaction A E
(s−1) (kJ/mol)

1
2O2(g) + ∗ → O∗ 8.01e0 s−1(mol/m3)−1 -22.8
CO(g) + O∗ → CO2(g) + ∗ 1.64e1 s−1(mol/m3)−1 -0.094
H2(g) + O∗ → H2O(g) + ∗ 5.44e16 s−1(mol/m3)−1 221.0
H2O(g) + ∗ → H2(g) + O∗ 7.80e14 s−1 220.0
CO(g) + ηCO∗ → COηCO∗ 3.46e6 s−1 113.0
1
2O2(g) + COηCO∗ → CO2(g) + ηCO∗ 7.93e9 s−1(mol/m3)−1 173.0

ηCO 12

∗ denotes a vacant site on the noble metal. Superscript∗ stands for adsorbed species.
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Table D.2: Parameters of the control-oriented switch-typeλ sensor model.

Parameter Unit Value

Aλst V 0.3
Bλst 1/ppm 0.5
Cλst 1/ppm 110
Dλst 1/ppm 0.099
EA,λst V 0.061
EE,λst J/mol -3000
Fλst V 0.085

Table D.3: Geometry, material, and thermodynamic parameters of the control-oriented
TWC model.

Parameter Description Unit Value

Ageo Specific geometric catalyst surface m2/m3 2250
cp,g Specific heat capacity (gas phase) J/(kgK) 1100
cs Specific heat capacity (solid phase) J/(kgK) 500
Deff Gas dispersion coefficient kg/(ms) 0.1
Dchan Diameter gas channel m 1.5e-3
VTWC Catalytic converter volume m3 4.5e-4
α Heat-transfer coefficient TWC→ exhaust W/(m2K) 82.3
αTWC Heat-transfer coefficient TWC→ ambient W/(m2K) 47.0
ε Volume fraction of gas phase - 0.8
λs Heat conductivity solid phase W/(mK) 50
̺s Density solid phase kg/m3 7850
φH2/CO H2/CO ratio (raw exhaust) - 0.25
aηcomb

Coefficient exhaust gas model - 1.765e-2
bηcomb

Coefficient exhaust gas model 1/K -1.26e-5

Σv,H2
Diffusion volume H2 cm3/mol 6.12

Σv,CO Diffusion volume CO cm3/mol 18.0
Σv,O2

Diffusion volume O2 cm3/mol 16.3

∆HCO2
Reaction Enthalpy of CO oxidation kJ/mol -283.0

∆HH2O Reaction Enthalpy of H2 oxidation kJ/mol -241.8
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