ZUSAMMENFASSUNG

Unter stationaren Bedingungen lassen sich die hohen Uragatzmoderner Drei-Wege-
Katalysatoren (engl. three-way catalyst, TWC) auf die eiataten Platinmetalle (engl. plat-
inum group metals, PGM) zurlckfuhren, die als katalytisktiva Komponente fungieren.
Das transiente Umsatzverhalten wird jedoch von Speiched-FRreisetzungsprozessen von
Sauerstoff sowie der Beschaffenheit des entsprechendech8peaterials dominiert. In der
vorliegenden Arbeit werden auf dieser Basis vereinfachtetische Modelle abgeleitet, die
eine genaue Beschreibung des dynamischen Verhaltens voWBge-Katalysatoren zulassen.
Der Schlussel zur Verhinderung von Emissionsdurchbrictaat dem Katalysator liegt in
der Identifizierung und Aufrechterhaltung eines optimabxidationszustands des Speicher-
materials. Daher konzentrieren sich die entwickelten Medwaif eine korrekte Beschreibung
dieses ortlich veranderlichen Oxidationszustands. Esentiches Element des entwickelten
Einkanalmodells ist dabei die Zusammenfassung der im Abghsdlichen Oxidations- und
Reduktionsmittel zu entsprechenden Pseudokomponentemirddargelegt, dass es sich hi-
erbei um eine sehr wirkungsvolle Vereinfachung handedtzdieinem verbessersten Verstand-
nis des dynamischen Umsatzverhaltens beitragt. Zum Beispmen Wechselwirkungen
zwischen Sauerstoffspeichervorgédngen sowie Edelmeasttionen unter verschiedenen Be-
triebsbedingungen und fur unterschiedliche Alterungsmge des Katalysators auf einfache
Art und Weise untersucht und beschrieben werden. Es wirdiggezlass zur Beschreibung
des Umsatzverhaltens eines frischen Drei-Wege-Katalysaei erhbhten Temperaturen eine
explizite Berticksichtigung von Edelmetallreaktionen bei Modellierung nicht notwendig
ist und stattdessen eine implizite Bertcksichtigung tUberBikschreibung von Sauerstoff-
speichervorgange erfolgen kann. Die Zulassigkeit einkaheo Modellvereinfachung wird
anhand der relativen Raten von Speicher- und Edelmetatiosah erlautert. Modellbasierte
Untersuchungen dieser Art werden in der vorliegenden Affieiein breites Spektrum von
Abgaszusammensetzungen und Temperaturen durchgefllatiei Rommen insgesamt 17
Proben unterschiedlicher kommerzieller Katalysatoren Einsatz, die sich in Zusammenset-
zung und Alterungsgrad unterscheiden. Die entsprechevi@etierungsmessungen werden
in einem isothermen Laborreaktor mit synthetischem Abgashdjefihrt und bieten damit
genau definierte, vollstandig reproduzierbare Testbenliggn. Die Abgaszusammensetzung
am Einlass des Reaktors wird dynamisch variiert, um resdisé Betriebsbedingungen eines
TWC abzubilden. Um auf Grundlage der Messdaten Modellpatemzer bestimmen, wird
ein robustes Optimierungsverfahren unter Berlicksichggron Parametersensitivitdten und
Parameteridentifizierbarkeit entwickelt. Dies erlaubeegffiziente Entwicklung hochgenauer



und dennoch einfacher Modelle, die eine minimale AnzahlMmdellparametern beinhalten.

Aufgrund ihrer geringen Komplexitat ist der Rechenaufwairdife Losung der entwickel-
ten Modelle im Allgemeinen gering, womit sie sich sowohldig Online-Katalysatorregelung
als auch fur die Kopplung mit Echtzeithardware eignen. bBekann es zielfiihrend sein,
abgesehen vom Beladungszustand des Katalysators aucheSignaypischerweise im Ab-
gasstrang verbauten Lambdasensoren vorherzusagen.ickalgirden entsprechende Sen-
soren im Messaufbau bertcksichtigt und es werden einfanpagsungsfunktionen vorgeschla-
gen, um deren Verhalten widerzuspiegeln.

Fur den modellbasierten Entwurf von Regelungs- und On-BBaagnosestrategien ist
es wiunschenswert, das dynamische Verhalten verschiedataysatoren auf systematische
und aussagekraftige Art und Weise zu vergleichen. Die vedet Parameteridentifizier-
barkeitsanalyse stellt hierbei sicher, dass die entwiekdilodelle ausschliel3lich Parameter
beinhalten, die eine hohe Aussagekraft beziiglich des Mautbhltens besitzen. Gepaart
mit einer geringen Gesamtanzahl von Parametern eignerd&diodelle daher zur modell-
basierten Charakterisierung und Selektion von Katalysatoim Mittelpunkt steht dabei die
Entwicklung geeigneter Methoden, um Unterschiede im dysemen und stationaren Ver-
halten verschiedener Proben schlissig vergleichen urzdistatien zu kdnnen. Insbesondere
fur frische Proben wird gezeigt, dass die reversible NatuiShuerstoffspeicher- und Freiset-
zungsreaktionen der Schlissel zum Verstandnis und zueltemn Vorhersage des Sauerstoff-
speicherflllstands ist. Das Ausmal3, in welchem sich die fRean im dynamischen Betrieb
umkehren, ist fur die getesteten Proben sehr untersctiedlisgepragt. Es kann daher als
charakteristischer Fingerabdruck der einzelnen Probamedi.

Angesichts ihrer hohen Bedeutung fur eine Emissionsmimdgrwerden Sauerstoffspe-
icherprozesse beim zyklischen Wechsel zwischen mageddetter Abgaszusammensetzung
detailliert beleuchtet. Dies geschieht unter Bertcksithig von Ortsprofilen der Model-
lzustande, gemessenen und simulierten Lambdawerten mtopenaustauschversuchen zur
Beobachtung der Sauerstoffspeicherung aus Wassermatekil&hrend Alterungseffekte
auf Grundlage qualitativer Trends diskutiert werden, kdientemperaturabhangige Kinetik
und Thermodynamik der Speichervorgdnge durch geeignetktibnen abgebildet werden.
Diese lassen eine genaue Vorhersage der Sauerstoffspeiodd_ambdawerte im gesamten
getesteten Temperaturbereich zu. Der Anstieg der dynaems8peicherkapazitat bei zunehmender
Temperatur lasst sich gut durch einen sigmoidalen Kurwtanwkbeschreiben, der allerdings
stark von der spezifischen Probe abhangt. Da die Gesantispaapazitat im Modell als tem-
peraturunabhéngig angenommen wird, stellt sich der Kwestgwuf allein Gber die im Modell
hinterlegte Kinetik und Thermodynamik der Speichervoggain.



Schlussfolgerungen zur Dynamik der Sauerstoffspeiclggrzun Alterungstrends oder zur
Wechselwirkung von Edelmetall- und Speicherreaktionendesm in der vorliegenden Ar-
beit stets auf Basis der erhaltenen Modellierungsergebmgstoffen. Um zu untersuchen,
ob die Zusammenfassung von mehreren Abgaskomponentenrigene®seudokomponen-
ten dabei zu unbegriindeten Artefakten fuhrt, werden zungl®eh Rechnungen mit de-
taillierteren Modellen durchgefiihrt. Analog zum vereutiten Modell bestehen die erweit-
erten Modelle aus einer Bilanz fir den gespeicherten Safesstvie einer unterschiedlichen
Anzahl an Materialbilanzen fur die einzelnen Abgasspeg@@s Kohlenmonoxid, Wasser-
stoff, Kohlenwasserstoffe, Sauerstoff oder Stickoxid®ie erweiterten Modelle besitzen
eine deutlich gréRere Anzahl an Parametern, die auf Basibateits fir das vereinfachte
Modell etablierten Methodik zur Parameteroptimierungdlie vorhandenen Proben anhand
entsprechender Messdaten identifiziert werden. Im Gegenzsan vereinfachten Modell
beschréankt sich die Analyse auf eine Abgastemperatur vO18/Nie gezeigt wird, lasst sich
S0 eine genaue Voraussage aller gemessenen Abgasspézigdibehnen Wechseln zwischen
mageren und fetten Abgaszusammensetzungen erreichen.

Die fur die vereinfachten Modelle beobachteten Trends amnchit Hilfe der erweit-
erten Modelle einer Uberpriifung unterzogen. Erstens waze@t, dass auch fir die er-
weiterten Modelle eine explizite Beschreibung von Edeltirektionen flr gealterte Proben
notwendig ist, wahrend dies fur frische Proben nicht zwmjerforderlich war. Zweitens
wird gezeigt, dass die von einem erweiterten Modell voregagten Beladungszustéande de-
nen des vereinfachten Modells ahnlich sind. Dies bestdtggiGiltigkeit des verwendeten
Konzepts zur Vereinfachung der Modelle. Aul3erdem erlasptlie vom vereinfachten Mod-
ell vorhergesagten Beladungszustande unverandert in dgibmise erweiterten Modell zu
verwenden. Dies bringt einige Vorteile und interessantevdmdungsmaoglichkeiten mit sich,
die entsprechend diskutiert werden.



ABSTRACT

High steady-state conversion rates exhibited for modewetiway catalysts (TWCs) can
be attributed to the platinum-group metals (PGMs) emplag®datalytically active compo-
nents. The transient conversion behavior, however, is datad by oxygen storage and release
processes and the nature of the corresponding storageahalée present work demonstrates
how this can be exploited to construct simplified kinetic misdhat allow for accurately de-
scribing dynamic TWC operation. The key to preventing eroisbireakthroughs downstream
of the catalyst is given by identifying and maintaining atilm@l oxidation state of the storage
material. Thus, the present work focuses on a correct asses®f the spatially distributed
oxygen storage level. The developed one-dimensionalesicighnnel model lumps the oxi-
dants and reductants present in the exhaust to corresgpps@udo-species. This is shown
to represent a powerful concept for simplifying and underding three-way catalysis. The
lumping approach provides a basic understanding of theaictien of the storage material
and the platinum group metals under different operatinglitmmms and aging states of TWCs.
It will be shown that storage and PGM reactions occur at simetes whenever fresh cata-
lyst samples are operated at elevated temperatures. His te a situation where explicitly
modeling PGM reactions becomes redundant, allowing foregesponding model reduction.

Throughout the thesis, similar model-based analysis aedgdretation will be carried out
for a broad range of exhaust compositions, temperaturesadatal of 17 commercial cat-
alyst samples of different composition and aging state. ddreesponding validation mea-
surements are performed in an isothermal laboratory readtio a synthetic exhaust, offering
well-defined, fully reproducible test conditions. Dynaraicitations of the applied feed gas
composition are used to closely resemble real exhaust womsliunder dynamic operation.
The employed exhaust gas analyzers are proven to be cagaltdl sesolving the respec-
tive dynamics. In order to derive model parameters from ttggised measurement data, a
robust model parameter optimization procedure has beelaf®d, taking into account pa-
rameter sensitivity and identifiability analysis. This so#n to yield an efficient workflow
for developing highly accurate yet simple models, whichurezja minimum number of model
parameters.

Given their simplicity, the computational demand for sotyithe developed models is
low, which qualifies them for online catalyst control as wadl for coupling with real-time
hardware. For such type of applications it is usually indigho not only compute the catalyst
storage level but to also predict the output of lambda sartgpically installed in the exhaust
line. Consequently, corresponding sensors have been metegl into the laboratory setup



and simple fitting functions are proposed for reflectingrtbehavior.

For model-based prototyping of control and on-board diagnstrategies, it is desirable to
be able to compare the dynamic behavior of different catsipsa systematic and meaningful
way. In that respect, the employed parameter identifiglalialysis ensures that the developed
models consist of meaningful parameters only. Togethdr avibw number of parameters, the
models are highly suitable for a model-based catalyst cheniaation and screening. Here,
focus is put on developing appropriate methods for visuraidifferences in the dynamic and
steady-state behavior of various samples. Especiallyréshfsamples, the reversible nature
of oxygen storage and release reactions is shown to be teikegderstanding and correctly
predicting oxygen storage levels under dynamic operalitie.extent of reversibility is shown
to be different for the tested samples. Therefore, it acts @saracteristic finger print of the
specific sample.

Given the importance for catalyst control and emission exthant, the underlying pro-
cesses during cycling between lean and rich exhaust cotigyesare analyzed in detail. This
is done under consideration of spatial profiles of modeéstaheasured and simulated lambda
values, as well as isotopic exchange experiments desigraaserve oxygen storage from wa-
ter under dynamic operation.

The effect of temperature and catalyst aging on the modahpeters is studied systemat-
ically, considering the confidence of the derived parametémates. While qualitative trends
are discussed for the effect of aging, the obtained temperatends in storage and release
kinetics as well as thermodynamics are approximated byustedunctions allowing for an
accurate prediction of oxygen storage levels and lambdgegah the entire tested temperature
range. The rise of dynamic storage capacity with increag@ngperature is shown to be well
reflected by sigmoidal-type functions and the shape of timetfons is shown to strongly
depend on the specific sample. Since the total storage tppscassumed temperature-
independent in the model, the rise of dynamic storage chpacia result of the assumed
oxygen storage kinetics and thermodynamics.

Throughout the thesis, modeling results are employed fovidg conclusions about the
dynamics of oxygen storage, aging trends, or the relatiygmance of the platinum group
metals and the storage material. To proof that the emplogedept of lumping oxidizing
and reducing agents in the exhaust does not affect the agcofahe conclusions, extended
models are considered as well. In analogy to the simplifiedefydhey consist of a balance
for the stored oxygen and of material balance equation$iimdividual exhaust gas species
(such as carbon monoxide, hydrogen, hydrocarbons, oxygeritrogen oxides).

The extended models have a much larger number of paramé&texg are identified based



on the parameter optimization methodology already estadxdi for the simplified model. This
is done for all available samples based on appropriate measmt data. In contrast to the
simplified model, the analysis is limited to an exhaust gagpterature of 45QC. It is demon-
strated that the evolution of all measured exhaust gasespdaring cycling between rich and
lean exhaust gas compositions is accurately predictedéoyntidels. Trends identified using
the simplified model are reviewed using the extended onest, ki is shown that the pre-
requisite of explicitly modeling PGM reactions for aged géas also holds for the extended
models, while, again, this is not necessary for fresh sasn@econd, it is shown that storage
levels predicted by an extended model are similar to thogheofumped model. This con-
firms the validity of the concept used for model simplificatién addition, this allows for the
storage levels predicted by the lumped model to be emplayeaa iextended model without
changes. Advantages and interesting applications for ggehof modeling approach will be
discussed.



1 Introduction

1.1 Three-way catalysts

The development of automotive exhaust catalysts was dyraingen by the Clean Air Act of
1970, a United States federal law, requiring a sharp reolucti carbon monoxide (CO), hy-
drocarbon (HC) and nitrogen oxide (NY3emissions from cars equipped with gasoline engines
to improve air quality 41, 137. While CO and HC where known to be efficiently converted
with catalysts containing platinum-group metals (PGM)sas platinum (Pt), palladium (Pd),
or rhodium (Rh) under an oxidizing atmosphere, selectivg Kgduction was known to take
place over similar catalysts under reducing conditionglyEgasoline exhaust aftertreatment
systems thus employed a dual-catalyst concept, whergidl€liminated over a first catalyst
by operating the engine under slightly fuel-rich condii@md thereby maintaining a reductant
(CO/HC) excess. This of course leads to an increased fuelogutton and the unconverted
CO/HC has to be oxidized in a subsequent catalyst by secoadtanjection in between the
two catalysts 137, 13§. Soon it was however found that certain formulations ofdation
catalysts (containing mixtures of Pt/Rh) allow for the twogesses to be combined in a sin-
gle device, whenever the engine is run with a stoichiomeirito-fuel ratio (AFR) B5, 13§.
Based on the ability of such types of catalyst to simultankoc@nvert the three pollutants
CO, HC, and N@, they are referred to as three-way catalyst (TWC).

Defining the lambda value as the ratio of the actual AFR to tbelsiometric AFR, op-
timal TWC efficiency is achieved only in a narrow operating @ow aroundA = 1. During
perturbations from this point to a fuel-rich mixturgé & 1), a breakthrough of both CO and
HC emissions occurs due to a lack of oxidants. Similarlyuesions to the lean sid& (> 1)
lead to a breakthrough of N@missions due to a lack of reductants. Due to the resultieg pr
requisite of maintaining a narrow operating window, thedrg of TWCs and their success is
inevitably linked to the development of corresponding colndtrategies. Here, a key-enabler
was the development of exhaust oxygen sensors and electughinjection systems that be-



2 Chapter 1. Introduction

Canning.__

Insulation -

e

Substrate

O .2 Monolith wall

Washcoat

Figure 1.1 Typical layout of a three-way catalyst.

came available since the mid 197@$[118. Based on a Nernst voltage measured between a
sensor electrode subjected to the exhaust and another bjeeted to ambient air as a refer-
ence, it was possible to identify an oxygen excess or defigignthe exhaust mixture entering
the catalyst. This information could then be employed inlaoteonic control unit (ECU) to
adjust the amount of fuel being injected by a feedback cbatizeme.

This combination of advances in catalyst design and cofembto the first TWCs being
successfully installed in gasoline cars in the late 197@sanindustry-wide adoption and
dominance of TWC technology followed in the years thereatfiatil today [35, 40, 132.
The basic layout and working principle remained the samberfallowing 40 years of TWC
research and development: As schematically presentedyinlFi, typical TWCs are based
on a honeycomb monolith structure made of cordierite whath as a substrate for a coating
process in which the active materials supported by a caguehn as aluminium oxide (ADs,
alumina) are dispersed onto the monolith walls to form theated washcoat.

For a review of employed materials and preparation methbesd¢ader is referred to
[5, 40, 69, 99, 138. The changes that have been performed in material desgiseeaction
over the years have been partly triggered by changes in tuadity; material costs (i.e. PGM
costs), and applied operating or control strategy. Thegradant driver for developing ad-
vanced catalysts with high surface area, high thermal arathamgcal stability, as well as high
conversion efficiencies and high stability against PGMesing and deactivation, however,
was the progressively stringent emission legislation a#irahe world. To give an example
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that illustrates the substantial achievements: While th®X8ean Air Act NQ tailpipe limit
(the announced limits went into effect in 1975) was 3.1 graesmile, an almost 10-fold
decrease was reached by the mid 1990s and the lowest linstsngxoday in California are
another order of magnitude lower, requiring conversioagaiose to 100 percerit38 139.

1.2 Oxygen storage materials

A decisive contribution to modern cars being capable of mgdbday’s emission limits was
to overcome the inherent limitation of early TWCs to achievghtgonversion rates only in a
very narrow window around = 1. Already in 1976, Gandhi et al. recognized that a specific
oxygen storage component had to be added to the washcoat ocatalyst for extending the
operating window41]. Subsequent storage and release of oxygen from this g@@gpo-
nent can compensate for a temporary imbalance of oxidadtseghuctants in the exhaust and
can avoid emission breakthroughs as long as the oxygergstonaterial is capable of either
storing or releasing adequate amounts of oxygen fast enoAglithat time, corresponding
materials known to undergo subsequent oxidation and reduduring cycling of the air-
to-fuel ratio around stoichiometry were different baseatsetind their corresponding oxides
[41, 132. However, cerium dioxide (Cef)ceria) was soon found to exhibit superior charac-
teristics and remained the main oxygen storage componéni@s until today. Despite of
having many fields of application, its usage in the autoneatidustry represents the most im-
portant application of rare earth oxides with ceria beirgriost abundant one in the Earth’s
crust p7, 93.

The CeQ crystal lattice is characterized by the fluorite structune aan be produced
by repeating the unit cell shown in Fid..2in three dimensions. In the face-centered-cubic
(fcc) unit cell, the corner Ce cations are each coordinated by eight oxygen anions while ea

Ce

g

Figure 1.2 Unit cell of face-centered-cubic (fcc) CeOrystal lattice.
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oxygen anion forms a tetrahedron with its four neighboring*Ceations pP3]. The superior
oxygen storage and release performance of the materiahisected to its ability of forming
non-stoichiometric Ce® 5 phases when being reduced:

-00

Ce® = CeO_; (1.1)
+560
-060

ceét = ceéet. (1.2)
+60

The reduction process is accompanied by the formation ofexyacancies in the lattice
and ceria ions changing its oxidation state fronfCe Ce*. Further details regarding the
obtained phases are summarized98]] The main advantage of ceria in TWCs is that the
number of oxygen vacancies, that can be reversibly formetdnattice, is high enough to
allow for a sufficient buffering of air-to-fuel ratio pertoations. A corresponding quantitative
measure is given by the oxygen storage capacity (OSC) of theriala First references of
the now well established term are found #il] 146. Obviously, a high capacity is only
beneficial if the kinetics of vacancy formation and refilliage fast enough to be in line with
the frequency of typical air-to-fuel ratio oscillations.hi$ led to the common practice of
differentiating between a total and a dynamic oxygen s®regpacity 134. The former
refers to the total oxygen uptake during an extended tianditom a completely reduced to
a completely oxidized state of the material and is usuallpsnesd by pulse or temperature
programmed reduction or oxidation (TPR/TPO) experime®® [The latter, generally more
useful for assessing TWC performance, refers to the oxygtake@nd release under typical
transient driving conditions at realistic exhaust gas cositpns. Early experimental evidence
that ceria is indeed dynamically changing its oxidatioriestd a rate and to an extent that is
relevant for improving TWC performance was presented by ldeat. [55].

The addition of ceria in TWC washcoat formulations became mom practice in the
1980s with technical improvements during that time focgsin achieving higher ceria con-
tent and higher dispersion on the alumina carriers, stailby dopants such as barium (Ba)
or lanthanum (La)40, 67, 93]. Apart from its most important role of allowing for oxygetos
age and release, several other beneficial effects on TWCrpafwe haven been associated
with ceria 35, 67, 134, 138:

» enhanced water-gas shift (WGS) and steam reforming (SRjtggctienerating hydro-
gen under fuel-rich engine operation and thereby supmpNi@y reduction,

 improved and stabilized PGM dispersion,
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* improved thermal stability of the alumina carrier,
» improved catalytic activity at PGM-Cefnterfaces.

Similarly, the presence of PGM was shown to highly improve tbédox behavior of Cef)
highlighting their mutual interactiorlB4].
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Figure 1.3 Overview of literature citations related to three-way bats. Source:
Web of Science Core Collection, March 2019

Shortcomings of the Cefbased storage materials became apparent when focus was put
on achieving better cold-start performance of TWCs in the $980om a system design point
of view, faster heat-up of the catalyst can be realized bigispithe catalytic converter closer
to the engine. This is referred to as close-coupled catalydtposes severe requirements on
thermal stability of the employed material#0[ 67]. With temperatures in the TWC reaching
1000°C, field aged catalysts exhibited increased PGM and ceri&lgasizes as well as a
decreased interface area between PGM and ceria, leadingufficient activity 40].

This resulted in an extensive research effort to develoamoed OSC materials of im-
proved thermal stability. While early publications on TWC ang/gen storage research are
mainly found in commercial journals, a strong increase laiteel articles in the scientific liter-
ature can be observed from around 1990. To illustrate tigs, JF3depicts the total number of
citations for “three-way catalyst” (applied search ciagrelated articles based on the “Web
of Science Core Collection” database as well as the percenfabese articles dealing with
selected subtopics.

The already noted inseparability of TWC and control techgplis well reflected by the
high fraction of TWC publications dealing with control topjespecially in the early 1990s.
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However, oxygen storage becomes the prevalent topic irateelP90s, soon being a key topic
in almost 50 percent of the cited articles.

Regarding the need of improving the thermal stability of @rtional storage materials for
close-coupled catalyst application, research focusedatifying ceria by additional compo-
nents. Rather than creating simple physical mixtures, thigyad ceria to form single phase
solutions with other oxides was employed to develop a neveigeion of storage components
[93]. Here, zirconium dioxide (Zrg zirconia) turned out to be the most efficient in terms
of improving thermal stability35, 67, 134]. As shown for ceria, ceria-zirconia Ce© ZrO,
mixed oxides can form non-stoichiometric phases when beidgced:

-50
CeZr;xO, = CeZr1—xO,_5 (1.3)
+50
-30
cet = cet, (1.4)
+50

where X represents the ceria content in the oxide. The anobairtonia that can be dissolved
in ceria is related to the elastic energy connected to refjacCé" by a smaller Zt ion in
the crystal lattice93, 134 and, in practice, largely depends on the preparation igaler{69,
132. Apart from the modification of thermal durability, the salled doping of Z+ was also
shown to significantly improve the redox behavior and oxygfenage capacity of the material.
This was generally explained by an improveg i@obility in the crystal structure, originating
from the modifications of lattice strain and defect struetaduced by the Zr-dopin@J, 127,
134). Since oxygen storage processes are mainly taking plaaethe surface of particles
composed of pure CeQoxygen transport in the bulk of ceria-zirconia solid smos was
shown to improve the storage capacity and kinetics of thestemals R, 40, 93].

Despite of hundreds of papers dedicated to understandengetiiox behavior of ceria-
zirconia based materials and trying to identify correlasibetween zirconia-content, textural
properties, obtained phases, and oxygen storage perfoen{for example 29, 48, 58, 68,
141)), many details remain unclea®3]. This is partly due to thermodynamically unstable
phases being formed in the temperature range relevant for d@étation, making analysis
of the materials difficult. Also, the redox behavior of théidsolutions has been shown to be
highly sensitive to sample homogeneity and therefore tafiied preparation techniques,
making comparisons amongst different samples diffic& 7]. Concluding, the extensive
research efforts underline the importance of oxygen stofagthe efficiency of three-way
catalysts.
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This is also reflected by the fact that the dynamic oxygerag@capacity is now generally
employed as a measure for monitoring TWC activity in so-caie-board diagnosis (OBD)
methods, where the air-fuel ratio is actively altered tineste the oxygen uptake of the TWC
under driving conditions12§. This is achieved by a comparison of oxygen sensor signals
upstream and downstream of the TWC. Besides of allowing for a@ €simation, the sec-
ond sensor is also employed for an improved air-fuel-radiotiol, adapting the injected fuel
amounts whenever perturbations from stoichiometry aremesl. Such perturbations usually
occur due to inaccuracies in controlling the air-fuel mietentering the catalyst, leading to an
oxygen excess or deficiency exceeding the buffering capabflthe storage material which
eventually results in a breakthrough of emissions. Sucaktineoughs could be avoided when,
instead of monitoring a sensor signal downstream the ctahe current oxygen storage level
(OSL) inside the catalyst would be controlled. Althoughpwsals for a direct measurement
of the oxidation state can be found in literatu@=l][ at present no commercially approved
method exists. Thus, a model-based approach needs to hdamas As shown in Figl.3
the development of corresponding oxygen storage modelshairdapplication in the control
context have received increasing attention in the lastsyeas explained in the next section,
the development of an efficient oxygen storage model is tha gaal of the present work.

1.3 Thesis scope and outline

As discussed above, achieving high TWC performance requnm@sintain an oxidation state
of the oxygen storage material which avoids emission bhreakghs during air-fuel-ratio ex-
cursions either to the lean or rich side. In case deviatioms fan optimal level cannot be
avoided, it is required to recover to that level in an optimaly from an emission perspec-
tive. For a system composed of an engine, air and fuel path, TANE€exhaust line including
sensors, this represents a complex optimization problenprdctice, it translates into find-
ing suitable control algorithms and corresponding paramsdor the electronic control unit
(ECU). The corresponding development process requiresigxigeexperimental testing and
calibration, associated with high costs. This is espectalle for a legislative environment,
where testing for a wide range of boundary conditions is iregu(i.e. for real driving con-
ditions). Here, model-assisted workflows generally offéigh potential for increasing effi-
ciency. If all relevant parts of the system can be represenyecorresponding models with
high accuracy, development and testing of control algoritfas well as parameter tuning can
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be widely performed in a virtual environment and subsegegperiments are performed for
validation purposes mainly. Obviously, the model qualiself depends on the experimen-
tal basis employed for model development. Thus, in praccempromise between model
development effort and required experimental testing s¢ete obtained.

Key element for a model-based development is a TWC model bbajod accurately de-
scribing oxygen storage dynamics. Simplicity and ease @patrization are clearly desirable
model properties, allowing for a low development and calilen effort. This in turn offers
the possibility of model application at an early point in th@selopment process, aiding cat-
alyst suitability evaluation from a system and control pedive. Furthermore, control and
on-board diagnosis algorithms need to cover not only thehfetate of the catalyst but also
the full lifetime of the catalyst, that is, also aged samplésre, simple models consisting of a
relatively low number of parameters can be more easily iteeaéd to reflect the aging state.
Also, correlations between the aging state of a given TWC anetsponding model parame-
ters can be more easily obtained for simple models with a lowlyrer of parameters. If model
parameters can be uniquely identified from a given experiaheiata set or sensor readings,
meaningful correlations between the aging state and madahpeters can be obtained. This
allows for deriving models of the aging process and genepatmits a model-based catalyst
characterization or screening covering the whole lifetiie simple models are usually less
demanding from a computational point of view, they offer aabages when the simulation
environment requires execution of the models in real-tiiifes can be the case when models
are coupled with real-time hardware such as the ECU or whemduls are executed on the
ECU itself for online control purposes. Here, it can be of seunighly advantageous if the
models executed on the ECU are identical to the ones used detleopment process.

In this context, the present work is designated to devetppisimplified, chemically mo-
tivated TWC model, focusing on correctly describing oxygrage processes for a broad
range of realistic operating conditions and commercial TVd@@les, both in fresh and aged
state. Given the complexity of analyzing TWC behavior in aeaysof active control loops
and dynamically changing temperature, flow, and exhausposition, the present work, as a
first step, focuses on analyzing various TWC samples in adabior reactor under a synthetic
exhaust, offering well-defined, fully reproducible teshddions. The goal is here to better
understand oxygen storage dynamics and to incorporate theghts into a corresponding
model. Keeping the above mentioned points regarding a rruakdd development in mind,
the scope of the thesis is to derive an efficient model cdldmmavorkflow, yielding models
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consisting of meaningful parameters only.
Given the scope of the thesis, the following outline is dedliv

» Chapter 2 discusses general relations between oxygergsiceghaust gas composi-
tion, and lambda value, which are essential for understgnthVC behavior. Based on
these relations, the concept of lumping certain exhausspeasies in order to simplify
three-way catalysis is being introduced. This represemsyaelement for the model
development process described in this work.

» Chapter 3 describes the experimental setup and performasuraments for character-
izing the employed three-way catalyst samples. It addsetbsecapability of the setup
to measure realistic TWC dynamics under fast changes in teeerhaust composi-
tion. This requires exhaust analyzers with the capabitityesolve these dynamics. The
dynamics of oxygen sensors installed in the exhaust linéeireg analyzed and simple
functions are proposed to represent the sensor output. (Regdhe obtained measure-
ment results, the focus lies on highlighting important aspef dynamic TWC behavior
for both fresh and aged catalysts in order to set a framevarith€ model development.

» Chapter 4 reviews detailed and simplified three-way catahadels proposed in liter-
ature and summarizes how they approach the descriptionygfeoxstorage processes.
It is outlined how the corresponding insights are employedtie development of the
model used in the present work. The model structure and pdessnare then analyzed
in order to facilitate the interpretation of modeling resydresented later.

» Chapter 5 discusses how to derive model parameters fromcthgrad measurement
data. Focus is put on describing the methods applied fossisgethe identifiability of
model parameters. Based on a given parameter optimizasait,rehis type of analysis
is frequently employed in the present thesis to derive aetulifsuniquely determined
model parameters. This information is then employed for @hoeduction.

» Chapter 6 discusses model optimization, correspondingtseand model validation for
dynamic TWC operation at a constant temperature but undexlaaust gas composi-
tion that cycles between a wide range of lean and rich lambtlees. It gives a detailed
description of important effects during transitions bedwa lean and rich exhaust com-
position and shows how the model can be employed to bettearstahd these effects.
Differences in the dynamic behavior between various freghlgst samples as well as
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the effect of aging are explained in detail and the corredpgnimplications for the
model parameters are being discussed. Here, it is explathgglatinum group metal
reactions need to be explicitly considered for modelinglibkavior of aged samples
and why they do not need to be considered for fresh samples.

Chapter 7 is structured similar to chapter 6. However, raien analyzing TWC op-
eration for a wide range of lambda values, the dynamic etxaitaof the inlet exhaust
composition is kept constant in order to independentlyyaeabnd model the effect of
temperature on TWC dynamics. Inherent limitations of thdiadpmodeling approach
in terms of capturing light-off behavior are being discukse

Chapter 8 presents model extensions and correspondinglingdesults that further
proof the validity of the employed modeling approach as aslthe conclusions drawn
in chapter 6. That is, it shows how the concept of lumpingateréxhaust gas species
can either be fully or partially reversed in a systematic nenAlso, important aspects
of such an approach for model application are being discusse

Parts of chapters 3 to 6 have already been publishetBin [



2 Lambda value, oxygen storage, and lumped con-
centrations

The following chapter has three objectives. First, a dednibf the lambda value will be
derived that will be used frequently throughout this theSlecond, a connection betwegn
and oxygen storage effects will be established. Third, it W@ shown that the concept of
lumping certain exhaust gas species can be insightful falyaimg oxygen storage processes
in three-way catalysts.

To meet the objectives, it is helpful to show hawcan be defined along a typical exhaust
line of a spark-ignition engine (Fig.1). The mass flow of air entering the engine is usually
measured by a hot-film air-mass meter (HFM) and can be cdéedrbly a throttle valve. In
general A can be defined based on the air-fuel ratio (AFR) resulting ftioeinjection of a
given amount of fuel into the combustion chamber:

Mai r.actual

) AFRactual Migel _ M airactual M Ozactual (2.1)

AI:F\)stoichiometry ML"S'\EAO'CWO—T“EUV IVlair,stoichiometry M O,,stoichiometry
fuel

It is very important to note that in this definition, the adtaount of oxygen being presentin
the exhaust\! 0,.actua) IS always compared to the amount of oxygen needed for storatric
combustion of a given fueMoz,stoichiometrg. While the denominator therefore always refers to
engine-in (EIl) conditions, the numerator can refer to treeg@nposition at any given position.
Assuming that the engine is run with a fuel of the composi@dty and dry air only, oxygen
is solely present in its elemental form in the El position.u$hthe actual amount of oxygen
present can be directly deduced from the air mass flow measute

M(Ejlz,actual = woz,airMair ) (2.2)

wherewp, ar represents the mass fraction of oxygen in air. Neglectiryger sinks or sources
in the engine, the engine-out (EO) mass flow of oxygen eghal€t mass flow of oxygen.
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Figure 2.1 Sketch of a typical exhaust line of a spark-ignition engine.

Together with equatior2(1), this leads to the result:
AEO — ZEl (2.3)

However, in the EO position, oxygen may be present both ielémental form or bound to
different exhaust gas species produced during the conaloustithe fuel CH with air. For
simplicity, air is assumed to be composed of oxygen and getnoonly and the respective
combustion reaction is presented in an unbalanced form:

CHy + O + N2 — COy + H2O + CO + Hy + C3Hg + NO + NO» . (2.4)

Typical orders of magnitude for the concentrations of tHeeent reaction products and un-
converted oxygen are depicted in Fig.1L Throughout this thesis, hydrocarbons produced
during the combustion process will be represented iygCRegarding nitrogen oxides, only
NO and NQ will be considered. Given the oxygen-containing reactimdpcts from reaction
(2.4), the EO oxygen mass flow can be calculated from:

M027actua| =05 |\/|Wo2 (2N02 + NNO + 2NN02 + ZNCOZ + NHZO + Nco) . (2.5)

The exact composition of the exhaust gas exiting the engidependent on a variety of pa-
rameters influencing the combustion process. While the readeferred to $6] for a detailed
analysis, some general trends will be briefly discusseddasd=ig. 2.2 Although absolute
quantities are depicted in the figure, the focus lies on \iwng the general dependency of
the EO exhaust gas composition bf'.



