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Abstract: LNT and SCR are two leading candidates for Diesel exhaust nitrogen oxide
(NO,) after-treatment. The present paper investigates the modeling of the architecture
combining the two systems in series with NO/NO,, differentiation, induced directly by the
widening and hardening of the future standards. Model reduction is performed to allow for
real-time automotive applications. Based on simplified chemistry and slow-fast dynamics
assumptions, a complete reduced model is proposed, suitable for on-board diagnosis and
model-based control. Validation has been achieved through extensive experiments.
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Modélisation réduite d’éléments d’une architecture de
post-traitement Diesel LNT-SCR avec différentiation NO/NO,,

Résumé : Les, Piege a NO, et SCR sont deux systemes catalytiques & fort potentiel de
réduction des émissions d’oxydes d’azote. Le document décrit la modélisation de ces éléments
de post-traitement des gaz d’échappement, dans le cadre de ’étude d’une architecture combinant
les deux systémes mis en série. La particularité de ce travail repose sur la différentiation NO/NO,
dans la modélisation, induite par ’apparition de nouvelles normes plus séveres et couvrant plus
d’especes chimiques. Une réduction d’ordre des modeles basée sur la séparation des échelles de
temps est ensuite appliquée en vue du respect des contraintes de calcul en temps réel émanant
de I'industrie automobile. Ainsi, & partir de ces hypotheses et apres proposition d’un schéma
cinétique simplifié, un modele d’ordre réduit adapté a 1’élaboration de stratégies de controle est
proposé et validé avec des essais expérimentaux.

Mots-clés : Modélisation, Post-traitement Diesel, Systeme non-linéaire, Réduction de modeles,
Validation



Contents 3

Contents
1__Introduction| 5
|2 State of the art on chemical modeling of LNT and SCR| 6
2.1 Operation of a NO, Trap| . . . . . .. ... ... oo 6
[2.1.1  Storage] . . . . . . . 7
[2.1.2 Regeneration| . . . . . . . . ... L 8
2.2 Operation of a SCR] . . . . . . . .. . 8
[2.2.1  Ammonia storagel. . . . . . ... Lo o e 9
[2.2.2  Selective reduction principle, [18, 20 . . . . . . ... ... .00 9
|3 Chemical model reduction by species aggregation| 9
3.1 SCR chemical reduction| . . . . . . . . . .. . L o 10
4 Kinetic modeling] 11
4.1 Assumptions| . . . . ... L e e e e e 11
4.2 LNT Kineticmodell. . . . . . .. o 0 12
4.3 SCR kineticmodell . . . . . . . . . L 12
[> Reduction by Singular perturbation] 12
0.1 Assumptions| . . . . ... e e e e e e 13
b2 [LNT modell . . .. o o 13
b3 SCRmodell . . ... . . 14
|6 Properties of the reduced models| 15
6.1 Assumption| . . . . . . ..o 15
6.2  Resolution of the algebraic equations and stability issues|. . . . . . .. ... ... 16
621 LNT reduced ordermodell . . . . . . .. ... .. ... ... ... ..... 16
6.2.2 SCR reduced ordermodell . . . . . . .. ... ... ... .. .. 22
6.3  Global reduced system| . . . . . . .. ... 24
6.4 Boundedness of the coverage fractions| . . . . . .. .. ... ... ... ..., 25
6.5 Further reduction of the modelsf. . . . . . . . ... ... . oo 26
[6.0.1 Assumptions| . . . . . . ... 26
[6.5.2  Resulting model| . . .. ... ... ... . 27
7 Experimental results| 29
(7.1 Lean NO, Trap catalyst| . . . . ... ... ... ... .. ... . .. ...... 29
[C.1.1  Methodl . ... . . . . 29
MI2 Resultd . . - o o o ot 30
7.2  SCR catalyst : Calibration| . . . .. ... ... .. ... ... ........... 32
[(2.1 Methodl . . . . . . . o 32
M22 Resultd . - o o oot 33
[7.3 SCR catalyst : Validation| . . . . . . ... ... .. 0o 34
[8 Summary/Conclusions| 36

RR n® 7913



4 Marie-Luce & Blimanés others

[A" Definitions/Abbreviations| 37

[A.1 Indexes/exponents| . . . . ... ... ... ... ... 37
[A2 Greek/Latin letters|. . . . . . . . . .. ... ... . ... 37

(B Proof of (45| 38

Inria



Introduction 5

1 Introduction

This paper focus on the control-oriented modeling of a future after-treatment line for Euro 6 or
even Euro 7 vehicles. These forthcoming standards lay down stricter boundaries on pollutant
emissions and new restricted species notably NO and NO,. The European manufacturers have
thus to integrate the presence of these new species in the modeling of each catalytic feature of
the exhaust line.

The automotive industry increasingly uses models, allowing for lower costs and more flexible
processes as simulation can replace real driving tests. The models studied in the present paper
are aimed at control and diagnosis applications, this is the reason why model complexity reduc-
tion is emphasized.

A large number of articles on chemical principles and experimental studies of hybrid catalytic
systems composed of Lean NO, Trap (LNT) and Selective Catalytic Reduction catalyst (SCR)
have appeared recently, see e.g. [1], [2], [3] ,[4]. Fewer are devoted to modeling and in general,
too complex for control applications. Moreover, the available models are indeed incomplete and
unable to cope with the new norms, due to the new species of restricted pollutants that have to
be incorporated.

This work follows the one described in [5] in which a simplified model of the architecture
combining a LNT followed by a SCR is concerned regarding NO, reduction with ammonia
production ([6], [7], [8]). The models are improved here by introducing NO and NO,, contribution
from engine running. Formation of ammonia during the rich phases of the LNT functioning is
also considered.

! Air Fuel
' Inlet Injection
L

Exhaust gaz
(HC, CO, NO, NOs, particulate matter)

7 . H,O

A1 CO,

' ' a
NOx | | ppF L, SCR |1 N,
trap : ; .

Engine

Figure 1: Principle of a combined exhaust after-treatment system consisting of NO, storage
reduction catalyst(LNT) and selective catalytic reduction of NO, by NH,; (SCR)

The paper describes, in a first part, a NO, after-treatment system for diesel engines (Figure
1) including (from upstream to downstream): a lean NO, trap, a Diesel Particulate Filter
(DPF) to treat the particulate matter, and a SCR catalyst. In our modeling, one considers the
architecture composed of the LNT and SCR in series according to Figure

(W For our purpose one neglects the passive regeneration of the DPF (see [9], [10]).
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Cm NOX trap Cinter SCR Caut
i {0, 0,} {6.} :

LNT-SCR architecture
Figure 2: Scheme of the studied architecture. The subscripts ”in”, "inter” and “out” refers
respectively to the LNT catalyst input, the LNT output/SCR input and the SCR output; Ueyt
corresponds to the exogenous inputs, namely the inlet gas temperature and the exhaust speed

NO,, reduction in LNT is operated cyclically. In normal (lean) mode, Diesel engine exhaust
NO, is stored on the catalyst. Then when necessary, by active control of the engine operating
point, the composition of the exhaust gas is changed in order to treat the stored NO,. This
operating mode has the benefit of using on-board fuel as NO, reducer. However NO, trap
solution is restrained by limited active temperature windows.

NH;-SCR catalysts operate in a wider range of temperature and do not contain precious
metals. NH;-SCR systems traditionally use urea-water solution as reducing agent, requiring
thus additional infrastructure to supply the vehicles with enough reducer. The NH; resulting
from the urea solution hydrolysis is stored into the catalyst, allowing to reduce continuously the
NO, contained in the exhaust gas within three main reactions discussed in Section

The pros and cons previously described are quite restrictive in classical LNT or NH;-SCR
architecture. It turns out that synergy of the two systems is possible if the SCR takes advantage
of the LNT ability to produce Ammonia (NH;). Indeed, during the rich phases (purges), small
amounts of Ammonia are formed as by-product, which can be used in the downstream catalyst
as the NO, reducing agent. Thus, an interesting issue is to analyse whether LNT-SCR architec-
ture may improve the performance over traditional LNT systems, through adequate NO, and
NH; control : indeed this strategy would permit to reduce both NO, and NH; at the same
time. Furthermore, potential cost reduction can be obtained by elimination of the on-board
urea storage and delivery system or size reduction of the LNT which contains precious metals.

In Section[2]a review on LNT and SCR modeling is presented. Section [3|presents a simplified
version of the chemical schemes previously developed. Kinetic modeling of the reactions is
described in Section |4} Then focus is put on model reduction for the whole system (see Section
. Finally, the main model proposed herein is introduced with some properties (see Section @
In a last stage, Section [7] presents results of calibration and validation through standard driving
cycles.

2 State of the art on chemical modeling of LNT and SCR

2.1 Operation of a NO, Trap

The mechanisms under consideration are summarized in Figure

Inria
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Storage
Oz 02
NO \ ]VOZ \
\ —
o\ /o
l l
Regeneration l
H, COHC N,

in majority

NH;
/ H,0,C0;
‘ /P }M

Figure 3: Operation of a NO, trap

NO, trap is operated in two operation conditions, namely storage (lean period) and regener-
ation (rich period). Many studies have been completed to identify and model mechanisms and
kinetics of NO, trap catalysts during both lean and rich operation, see [6], [7], [8], [11], [12],
[13], [14] which are presented in the sequel.

2.1.1 Storage

During the lean (or loading) mode, NO, is stored on the catalyst in form of nitrate through a
two-step process. First, NO is oxidized on Pt sites to form NO, and then adsorbed on metal
(Barium) oxide sites. The mechanism is described by the following reactions.

Ozidation of NO to NO, [6], [13]
NO + 10, — NO, (1)
NO and NO, storage during lean mode [6],[8]
3
2NO + 502 + BaO — Ba(NO;), (2a)
3NO, + BaO — Ba(NO,), + NO (2b)

Addition of Cerium Oxides on the catalyst gives the ability to store Oxygen along the following

reaction [15], [16].

Ozxygen storage
Ce,O5 + %OQ — 2Ce0, (3)

RR n® 7913
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2.1.2 Regeneration

During the rich (or regeneration) mode, the Air Fuel Ratio (AFR) is increased in order to achieve
reducing conditions. This is done by introduction of hydrocarbons in excess, which induce degra-
dation of the combustion and release of reducing species under the form HC,CO and H,. During
these purge phases the stored NO, and Oxygen are treated by the reducing species according
to the following reactions.

Decomposition of the stored NO, during rich time with the reducers, [6]-[8], [14]

Ba(NO;), + 5CO — BaCO4 + 4CO, + N, (4a)
Ba(NO;), + 5H, + CO, — BaCO; + 5H,0 + N, (4b)

10 681 — &2 52

Ba(NO 5 C¢ He, = BaCO3 + ——COy + ——FH,0+ N, 4
N0+ g g, T T (4e)
Ba(NOj), + 8H2 + CO4 — BaCO4 + 2NH; + 5H,0 (4d)
1
Ba(NO;), + goNH3 — BaO + %NQ + 5H,0 (4e)
BaCO4 — BaO + CO, (4f)
Ozxygen reduction

2Ce0,4 + CO — Ce, 04 + CO, (5)

During the purges, high temperatures result in the release of some SO, but also large quan-
tities of H,S. Although the latter is not a regulated pollutant, it is a source of consumer
dissatisfaction and should be drastically reduced. This requires an additional catalyst that is
not considered in this work.

2.2 Operation of a SCR
The mechanisms under consideration are summarized in Figure [4]

\H5

. H3 adsopztlon .
wmt reduction

S

Figure 4: Operation of a SCR

SCR converter directly reduces NO, emissions to non-pollutant species with the help of
ammonia. This technology demonstrates good selectivity to NO, and a great potential for

Inria
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exhaust gas cleaning through the so-called Selective Catalytic Reduction process. In classical
NH,;-SCR architecture the formation of NH4 arises from urea hydrolysis [I7]. In our case,
ammonia comes from the purges of the upstream catalyst.

Models for SCR catalysts include an NH, storage process occurring on the catalytic sites (
denoted ¥, in the sequel) usually composed of V,05, Ti,O and WO,. The stored Ammonia then
reacts selectively with NO, in the presence of Oxygen, releasing nitrogen and vapor according
to reactions which are now presented (see [I7], [18], [19], [20] for details).

2.2.1 Ammonia storage

Adsorption and desorption of ammonia are described in @, and presents the ammonia oxi-
dation, an undesired reaction which occurs at high temperature (above 400 °C ) with a selective
formation of Nitrogen, [18], [20].

Adsorption/desorption process
NH, + 3, = NH;* (6)

Oxidation process
4NH;* + 30, — 4%, + 2N, + 6H,0 (7)

2.2.2 Selective reduction principle, [18, [20]

Selective Reduction is mainly based on three reactions respectively named Fast SCR reaction,
Standard SCR reaction and NO,-SCR reaction. The so-called Fast SCR reaction describes the
fast reaction taking place when NO and NO, are both present in the feed gas. According to the
Standard SCR reaction equimolar amounts of NO and NH; react with Oxygen, to form Nitrogen
and water. Then in the NO,-SCR reaction, NH; and NO, also react alone to form the same
products.
4ANH;* + 2NO + 2NO, — 4%, + 4N, + 6H,0
4NH,;* + 4NO + O, — 4%, + 4N, + 6H,0 (8)
8NH;* 4+ 6NO, — 8%, + 7N, + 12H,0

3 Chemical model reduction by species aggregation

A simplified chemical scheme of reactions representing NO, NO, and Oxygen storage and reduc-
tion with ammonia production in the NO, trap is considered. A main feature of the reduction
achieved here is the introduction of a unique ficticious reducing species Red referring to HC,CO
and H,. Based on the model developed in section this new scheme results from the ag-

gregation of , , as the storage process —, the aggregation of — as the
regeneration process with ammonia production —@ and the substitution of and by

and .

RR n® 7913
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1 kozno
NO+ 50, = NO, (92)
Tn02
kano?/kinhinOQ
S, +NO, =  NO, (9b)
kdnog
1
£ +NO + 20, fane NO,* (9¢)
srnNOy* + Red g Spn 2 + <s%) 5 +11H,0 4+ 1,CO, (9d)
$raNO," + Red Frg SraXn + SraNHg + v3H,0 + 14, CO,, (9e)
1 1 k 1 7 1
~NO,* + =NH, &% -¥, + —N —H f
402+3 3 1 +24 2+2 50 (9f)
25, + O, "% 20* (92)
O* + Red "% 5, + 15CO, (9h)

Here :

- ¥p, X, denote respectively free NO, and O, adsorption sites,

- NO,*, O* denote respectively occupied NO, and O, adsorption sites,

- The constants s, v are positive integers which denote stoichiometric coefficients.

The symbols k put on top and bottom of the arrows are kinetic coefficients, see details below in
section [4] and Appendix [A]

3.1 SCR chemical reduction
The SCR model is kept unchanged :

]Caa
Y + NH;, k: NH3* (10a)

da

L 1 1 kfq 3
1 3
NHj," +NO + 50, fone 5, 4+ N, + H,0 (10c)
3 7 3
NHj* + TNO, Fang S + N + 7H,0 (10d)
* 3 ko 1 3

Inria
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4 Kinetic modeling

4.1 Assumptions

- Each subsystem is considered as a CSTR (Continuous Stirred Tank Reactor) with homo-
geneous mixing at homogeneous temperature. The temperatures are measured.

- The rates of reaction are expressed following kinetic laws of the type:

ri = szCZB” (11)
J

The 3;; are reaction orders, whose values will be determined through identification or fixed
according to the existing literature.It is important however to state that they are positive real
numbers. It is assumed that the kinetic coefficients k; follow Arrhenius law :

E;
. = 0 — !
ki = k; exp < RT) (12)

where k‘?, E. R, T are respectively the pre-exponential constant, the activation energy, the gas
constant and the catalyst temperature. The list of indexes introduced in and is defined
in Appendix [A]

The rates of reaction are now detailed, for the LNT:

Toano = KoanoCo " (13a)
Trnoy = KrnoyCo” (13b)
Tano = Kano(pn(1 — gn))ﬁamcﬁtw (13c)
Kanos (pn(1 = 8))Pene inter
Tanoy = fi{’ k(inhilmojg)n (o (13d)
Tdnos = Kdnoy (Pn0n) mo2 (13e)
Tao = Kao(po(1 — 0,)) e Cinter (13f)
Tn = hen (pnfn) " Cri” (13g)
Tra = kra(pntn)r Clie” (13h)
Trna = Krna(pnbn) e CIMT (131)
Trao = Krao(Pollo) " Cruk’™ (139)

and for the SCR :

Taa = Kaa(pa(1 — 04))7**C" (14a)
Tda = kda(paba)’® (14b)
Toa = Koa(paba)’ (14c)
Tsno = ksno(pabfa) " Cut (14d)
Tsnos = Ksnoy (pabla)’n2 Coul (14¢)
"fa = kfa(paba) 1 Crot Ce (14f)

RR n® 7913



12 Marie-Luce & Blimanés others

where pp, po, pa denote the density of sites on the catalyst layer, respectively, for NO,, O, and
NH,.

We will use the following notations in the writing of the conservation equations :

- v, vs,, exhaust gas speed, respectively, in the LNT and the SCR,

- Lyn, Lser Characteristic length, respectively, of the LNT and the SCR,

4.2 LNT Kinetic model

Using the conservation equations, one may write the rate of change of each species in the NO,,
trap. The following equations are considered :

inter n
ano Vech

dt = ['pn (C;IZ - Cgfym) — Tozno + Trnos — Tano (15&)
dC@'nter o™ ] )
;;2 = ECh (Cg})g - Cﬁ;’;ger) + Toxno — Trnos — Tanos + Tdnos (15b)
pn
dCCz;nter U?ch ) )
— o Cznter _ 15
dt ﬁpn ( 0 ) ) Tao ( c)
d ﬁ?&er _ U?gh( in inter) e (15d)
dt ﬁpn red red ™ ra rao
dcinter n ] )
N .
o
d .
PnCT: = Tanos — Tdnoy + Tano — SrnTrn — SraTra — Zm (15f)
do
po?; = Tao = Trao (15g)

4.3 SCR kinetic model

Using the conservation equations, one may write the rate of change of each species in the SCR.
The following equations are considered :

dcout s .
2 s - T o
ser
dcout s .
— = %ech (Clnter _ COULY iy oy — % (16b)
ser
dcout S i
e Zech (Ci = C2") = Taq + Taa (16c)
ser
df 4
padita =Taa — Tda — Toa — §T8n02 ~Tsno — Tfa (16d)

5 Reduction by Singular perturbation

The models concerned by this study are aimed at control and diagnosis applications. We now
reduce their complexity in order to decrease the computational burden without affecting their
accuracy. Equations and are suitable for classical reduction methods application,

Inria
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notably time-scale separation of slow and fast dynamics. These methods consist in classifying
the state variables according to their dynamics, considering that the fastest ones are perpetually
at their equilibrium values driven by slow state variables. The new differential-algebraic system
appears as a singular perturbation of the original one, retaining only the slow state variables.
See [21].

5.1 Assumptions

On the one hand, in chemical engineering, it is often assumed that the evolution of gas phase
species are infinitly fast, in the sense that the evolution of the whole gaz-phase (NO,, reduc-
tant and product concentrations) is quasi-static. This assumption is called non-accumulation of
gaseous species and leads to the singular perturbation situation.

On the other hand, Ceria is a key component for the treatment of the exhaust emission, as
it acts as an oxygen buffer, releasing oxygen for CO and hydrocarbons in rich environment and
storing oxygen from O, and NO in lean environment. Its ability to react fast with oxygen [16]
makes the state parameter 6, dynamically faster than 6, and 6,.

We will use the following exponents in the sequel :
- u, for the "upstream” catalyst (LNT),

- d, for the "downstream” catalyst (SCR),

5.2 LNT model

Under the assumptions stated in section using equations , the LNT dynamic system is
expressed by the following singularly perturbed system :

dCinter,u Ugch in inter,u u u inter,u | pu

SO o ome) o @)
1 0\ dO o u u inter,u R u
(0 s) o~ Ki (RU@)C™er + RY©)) )

with e representing the perturbation scalar parameter, and where :

Cin Cinter
no no
in Cﬁgz inter,u C}ﬁ)zt;r 077,
cir = | ¢in |, ginteru — | ginfer [ @ = : (17¢)
in Cinter 00
red T'e(tier
ci o
-1 1 -1 0 0 0 0 0 0 0
1 -1 0 -1 1 0 0 0 0 0
Ku_|[0 0O 0 0 0 -1 0 0 0 o0 (18)
0 0 0 o o 0 -1 -1 0 -1
1
0 0 0 0 0 O 0 Spq —3 0

RR n® 7913
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0 0 b 0 0 _Sm Sra 1
Ky = Pn  Pn 1 Pn Pn 4pn, a 19)
00 0 0 0 — 0 0 0 1
Po Py
kozno 0 0 0 0
O kT"VLOz 0 0 O
kano(pn(1 — gn))ﬂano 0 ’ 0 :
kanos (Pn(1 = 0n)) ne2
" 1 + kinhibn02 en 0 0 0
0 0 Kao(po(1 — 0,))e° 0 .
0 0 0 km(pnen)ﬁ’“" 0
0 0 0 /gm(pngn)ﬁm 0
0 0 0 0 k7na(pn0n)6'r"rLa
0 0 0 k‘,,,ao(pogo)ﬁrao
(20)
0
0
0
0
Ru(@) _ kanQ (p%en)ﬁanQ ' (21)
0
0
0
0

5.3 SCR model

Under the assumptions stated in section using equations , the SCR dynamic system is
expressed by the following singularly perturbed system :

dCout (9 inter,d out d d out | pd S outs ~out
TTdt L (Cinterd — com) 4 K (RY(0,)C™ + RY(6,) + R(6,, CM)C ) (220)
0, _ _
dd—t = Kg (Rd(ea)cout + Rd(ea) + R(@a, Cout)Cout) (22b)

with e representing the perturbation scalar parameter, and where :

10000 Citer Gt
Cinter,d —lo 10 0 0 Cinter,u — Cinte'r Cout _ Cout (22C)
noz 9 nog ?
00001 Cinter Cout
1
0O 00 -1 0 —5 0
d _ 1
Ke=l0o 00 0 -1 o -5 (23)

-110 0 O O O

Inria
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T ™ e 20
o Pa Pa Pa Pa 3a 2pq 200) "
0 0 kaa(pa(1 — 0,))%9@
0 0 0
0 0 0
R4(0,) = | Esno(palla)?sme 0 0 , (25)
0 ksnoz (paga)ﬁsnOQ 0
0 0 0
0 0 0
0
kda(paea)ﬁda
koa(pa9a>5oa
R4(0,) = 0 (26)
0
0
0
0 0 0
0 0 0
0 0 0
R(,, COUt) = 0 0 0f, (27)
0 0 0
kfa(paaa)ﬁfacgzg 0 0
kfa(paea)ﬁfacggt 0

6 Properties of the reduced models

Under adequate assumptions stated below we first solve the algebraic part of and
exhibited previously in Section[6.2] The simplified global LNT+SCR model is exposed in section
We then show in Section that the variables considered as coverage fractions in our
model indeed do have the expected boundedness property. Finally we consider in Section
the relation of the present model with the model published in [5] which treats NO and NO,, in
an undifferentiated way.

6.1 Assumption

- According to the related litterature [12], [6], it is imposed that :

/Bao = Brao =1 (28)

RR n® 7913
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6.2 Resolution of the algebraic equations and stability issues
6.2.1 LNT reduced order model

The system is studied for the slow-time scale (¢ =0). (17) results in the following set of
differential-algebraic equations :

05 _ 7257011 (Cin _ Cinter,u) + chl (RU(@)Cinter,u + Ru(@)) (an)
pn
1 0\ dO _ rru u inter,u | Ru
(0 o) o = Ki (RU @O 1 RY(O)) (29b)

We set apart and solve the algebraic part of ,

_ v?fch in _ ~inter,u u u inter,u D u
05 = 72 (¢t~ ciner) K2 (RY(O)C +R(O)) (30a)
0=(0 1)K (R“(@)ci“terv“ + R“(@)) (30b)

recalling that @ = (0">
b
According to Tikhonov theory [21],22], one must verify that the fast variables remain bounded
even when ¢ tends to zero (leading to (30)), i.e that a strong stability property holds for the fast
subsystem. The discussion on existence, uniqueness and stability of an equilibrium value of the
fast variables, for any fixed value of the slow variables, is done in Theorems [I| and [2] below.

Theorem 1. Assume that v}, and Cz-m take on bounded and strictly positive values and that
the constant parameters p,, k:?, Ly, Bi are strictly positive. Then for each value of 0,, € [0, 1],
there exists a unique solution (C™ter1 g1) of (@) in R%. x (0,1).

Proof. e Developing (30al), one obtains

(Jeeh [ - KIRY(©))Cmerm — Uech oin | KIRY(O). (31)
Lon Lypn,

n
The matrix —ech] — K{R"(O) is defined as the following block diagonal matrix :

n
k11 Tk 0 0 0
o ko1 Tk22 0 0 0
FE-KIRU @)= 0 0 my 00
pn 0 0 0 Tka4 0

0 0 0 7rgsa Trss

Inria



Properties of the reduced models 17

with :
— /UZ*C}L _ ﬁano
Tk11 = I + Kozno + kano(pn(l Hn)) (323‘)
PN
Tk12 = _k'I’TLOQ (32b)
Tk21 = _ko:pno (32C)
Vgeh Kanoy (pn(1 — Hn))ﬁan”
= —ech 4 p 32d
k22 Epn + 2 + 1+ kinhibnoz Qn ( )
,UTL
Tk33 = [’eidl + kao(pa(l - 60)>ﬁao (326)
pn
/UT'L
Tka4 = ELCh + krn(pnen)ﬂm + kra(pnen)ﬂm + krao(poeo)ﬂmo (32f)
PN
Tk54 = _Srakra(pnen)ﬁm (32g)
Un h krna B
= £ nbn ) Tme 32h
Tk55 Lo + 3 (Pnbn) (32h)
As a block diagonal matrix its determinant is such that :
Un
det (EChI - KERU(@)> = (PR11Tk22 — TR12TE21)TE33TE44TRS5 (33)
pn

One may notice that under the assumptions of the statement the quantity ri33rg447r55 is strictly
positive. Therefore, the positiveness of (33]) expression depends on the positiveness of the quan-
ity Tk117K22 — TR12TR21-

By a short calculation and with the help of (32al)-(32d)) one observes that :
n

v v k 1 — ,,))Panc2
rE11TR22 — TE127k21 = (2 4 Kano(pn (1 — 05))4m0) (2 + Ky, + —22 (ou ) )
»Cpn n 1+ kinhibnOQ 071

?}gch + kanoz (pn(l — Qn))ﬂanoz )

+ k
oxno( £pn 1+ kinhibnOQ 971

,Un
and under the assumptions of the statement det (EChI — KgR“((—))) is strictly positive. As a
pn

vl .
consequence, the matrix €27 — KYR"(@®) is invertible and from (30a)) we can write Cnter:u

Lpn

in function of 6 :

n -1 n
cmers = (it iere(@))  (KERY(O) + b (31)
pn n

e We now show that 6, can be expressed from (30b) as a function of 6, and the input
variables C'™. For simplicity we write here :

X(en) = krn(ﬂnan)BTn + kra(pnen)ﬁm- (35)
And from the assumptions in section 6.1}, one obtains :

kao ( ( 1-— 00 ) Cén k?“twv?ch Ci?deo

r

vgch + kaoﬁ}m (po(l - 90))66“7 - vgch + X(6n> + kraoﬁpnpoeo

=0 (36)
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18 Marie-Luce & Blimanés others

thus, '
kao((1 — 6,)Cin kraot™y Ci 0,
— €eC Te (37)
Ugch + kaoﬁlm (po(l - 90))Bao 'Ugch + X(gn) + kraoﬁpnpoeo

Let f:(0,1) - R and g: (0,1) — R be the two continuous functions

kao((1 — 0,)Ci"
0+ Kao Lo (po(1 — 6,))Pac”

in
) _ kTaOvechC'rede

0,) = 0,) =
f( ) g( U?ch + X(en) + kraoﬁpnpoeo

Solving is equivalent to the equation :

One verifies immediately that, when the assumptions of the statement are verified, f(0) > 0,
f(1) =0 and g(1) > 0, g(0) = 0. On the other hand, f and g are respectively decreasing and

increasing functions in 6,. Thus, there exists a unique 6, = 6 (Ci",C", 6,,) in (0,1) solution
of lb Moreover, 6 (Ci, C'™ 6,) is the unique positive solution of the quadratic equation

red’

deduced from , which permits to obtain its explicit value.

Vten(Krao(Vien + KaoLpnpo) Craq + kao(Ve, + X (0n) — Lpnkraopo) C") — VA
Qkaokraopoﬁpnvgch(cln Cén)

red

05 (C5", Creas ) =
(38a)
with A = (%) (krao(Veeh + KaoLpnPo) Cria + KaoVieh + X (0n) = Lonkraopo) C5")*  (38D)
~4(kaokraopoLpnveen(Crea — Co")) (kaoVeehCo (Ve + X (0n)))
This achieves the proof of Theorem O
Stability issues are considered in the following result.

Theorem 2. Assume that v, Cf” and Cf"t” take on bounded and strictly positive values
and that the constant parameters p,, kY, Lyn, Bi are strictly positive. Then for any value of

0, € (0,1), the equilibrium point exhibited in Theorem 1s asymptotically stable.

Proof. Let J be the Jacobian matrix of the fast subsystem evaluated at the equilibrium point
(Cinter,u 9+) and defined from as :

7= —%Ch Is + KCRY(©) K¢ (Vo,R%(©)CMe" 4V, R*(O))
- pn . _
(0 1)K§R*(©®) (0 1)K} (Vg RU(O)Cnter1 1 ¥y RY(O))

(39)

where Vg  denotes the differential operator at 0,. One will show that the spectrum of J lies in
the open left half plane. From (| - ) to one obtains :

Jo O2x4
pr— 4
J <O4><2 Jp > (40)

Inria



Properties of the reduced models 19
with,
J = <ja11 ja12> (41a)
¢ Ja21  Ja22
Joir - 0 0 Jeua
0 Je2 0 Jp2a
Jp = . . 41b
’ 0 Je32 Jp3z O (41b)
Joar Jeaz 0 Jbag
and where the j,; and jp; are defined hereafter:
vl
Jal1 = _EC — kozno — kano(pn(l - en))ﬁano (423)
on
jal? = krnog (42b)
ja21 = kowna (42C)
. Vgeh Kano, (pn(1 — en))ﬁ(mo2
_ _“ech _ 42d
Ja22 ﬁpn oz 1+ kinhibnoz 9n ( )
. v
Jvil = _ECh - kao(po(l - 00))500 (426)
pn
Jbla = kaoﬁaopoao(l - Ho)ﬁa()ilczntm‘ (42f)
. v,
Jv22 = _ZCh - krn(pnen)ﬁTn - kra(pnen)ﬁm - krao(poeo)ﬁmo (42g)
pn
Jb2a = _kraoﬁraop/gmoec/?mo*lCig(tier (42h)
jb32 = Srakra(Pnen)ﬁm (421)
Jb33 = _vgiCh _ kT”“( 0 ),BTna (42j)
- nvn
Lon 3
. k
Jear = f(po(l — 0,))7 (42k)
o
. k
Jva2 = — e (poeo)ﬁmo (421)
]
jb44 = _kaoﬁao(po(l - 00))51107102”1‘/67" - kraoﬁrao(poeo)BMOilCiZéeT (42111)

Notice that the signs of these quantities are easily deduced from the fact that all the quantities

involved are positive. This property will be used afterwards.
e By a short calculation one observes that :

n

) "
det (Jo) = (Lh + Kano(pn(1 — en))ﬁam)(ﬁei(:h + Krnoy +

L pn pn

Un kano n 1-— en ﬂano?
+ koxno( ech + 2(P ( )) )

Kanoy (pn(1 — 0y) )Bmm )
1+ kinhibnoz 071

Lyn

"
tr (Ja> == —QM - kozno -

Lon

RR n® 7913

kano(Pn(l - 671))6‘1”0 - k'f’nOQ -

1+ kinhibnoz en

kanag (pn(l - Hn))ﬂanoz
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and under the assumptions of the statement det (J,) > 0 and tr (J,) < 0. Thus, J, is Hurwitz.
e On the other hand, we have that :

A = Jbi1 0 0 —Jb14
| 0 A = Jb22 0 —Jb24
det (My = Jp) = 0 —Jb32 A — Jv33 0
—Jba1 —Jba2 0 A — Jbaa

= (A = 7833) (A = Jp11) (X = Jb22) (A — Jbaa) — (N — Je22)db1adbar — (A — Jo11)Jb24ba2)
= (A —ju33)P(N)

with
P(A) = A+ p1A° + p2d + p3
and where,
1 = —(Jb11 + Jv22 + Jbaa) (43a)
P2 = (Ju11dv22 — Je1advar — Jv2agvaz + Jpaa(Goi1 + Je22)) (43b)
P3 = —(Jp117v220644 + Jo22Jb147641 + Jo11J6247642) (43c)

Under the assumptions of the statement, jp33 is strictly negative (see ), thus, all one has
to do is to show that P has all its roots in the left half plane.

The Routh-Hurwitz criterion requires the strict positivity of pi1, pa, ps and (p2p1 — p3) for
the stability of P. This is what we prove in the sequel. Under the assumptions of the statement
and with the help of , one is able to say that p; > 0, po and p3 > 0. Then, from (43a) to

(43d]), one obtains :

p2p1 — p3 = — Ju11ds22 (Jo11 + Je22) + Je1advar (Jor1 + 20622 + Joaa) + Ju2advaz (Je2z + 29611 + Jpaa)
— (Jb11 + Jv22 + Joaa) (Graa(Jr11 + Joo2)) (44)

Observing that :

) 1 ) )

Jb4d = lT (—Jb1a + Jb2a)
o

. v h .

Jbil = — 5 — Jpa1p
Lpn ©

,UTL

Jro2 = — ECh — X (0y) + Jpazpo, where X (6,,) is defined in 1)
9 %0)

we develop and simplify . Then, after reordering each term, this leads to :

Pap1 — P3 = — Ju11de22(Je11 + Je22)

. . 1 vgch ’Ugch . .

+ Jp1a | Jpaz — — Yo + X(6,) —QT — X(0n) + Jpazpo + Joaa
o n pn

: : 1 ’Ugch Ugch : .

+ jb2a | Jpar + — 22 ) | =252 — X(0n) — Jva1Po + Jpaa
Po £pn Lpn
L . X(6 ) ) .
+ <jb44 ZCh + Juo4 ( n)> (Fb11 + Jv22 + Joaa) (45)
pn Po
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Properties of the reduced models 21

The proof of this formula is shown in Appendix [Bl Under the assumptions of the statement and
with the help of , one can verify that :

—Jb11gv22(Jo11 + Je22)

) . 1
Jbl4 (]b42 - — ( cch 4 x(0 ))
Po

,UTL
<—2£Ch — X (0n) + Jpazpo +Jb44> <0
on

N
o

Jb24 (Jb41 +— eCh

0n)

N
o

,UTL
<_2£Ch — X(6)) — Jpaipo +]b44> <0

Ul
Jbaa Vec +]b24
< ﬁpn

(Jb11 + Jv22 + ]b44) <0

Thus, comparing the sign of each term leads to psp; — p3 > 0. Then, from Routh-Hurwitz
criterion, P is Hurwitz and as a conclusion J is asymptotically stable. This achieves the proof
of Theorem [2 O

Then, it yields the following LNT reduced order model

Cinter (Pn(l _ en))ﬂanoz

nog

1+ kinhibnoz 9n

— Srnkrn (Pnen)ﬂm C;Zéer - Smkm(Pnan)Bm Ci:flﬁ - ZW (pnen)ﬁma coter

0, = 07 (C",CI™ . 9,), see (46b)
in inter
Cmte'r — echC + krn@ﬁ Cn02 (46C)
" ,U;Lch + koxnoﬁpn + kanoﬁpn (pn(l — en))ﬁano

(1 + kinhibnogen)( eCthéQ + kdn02 [’pn (pnen)ﬁdm)? 4 kownoﬁpncgéter)

— Kdnos ( pngn)ﬂanQ + kmw( pn(l _ gn))ﬁanocﬁter ( 46a)

Pn an - kanog

Crioy” = (14 KinhibnosOn) (V7% 4 Krnos Lon) + kanoy Lon (pn(1 = 8))Panez (10d)
G = k:fcc}i;o(l ~6,) (6e)
Cigéer N Ugch + krnLpn (Pnen)ﬁm + krzcgzjr(epdnen)ﬁm + kraoLpn (/)090)’8”” (461)
Cinter _ SrakraLpnCred " (Pnfn)"r (46g)

Ugch + k'r‘naﬁpn (pngn)ﬁr"a
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6.2.2 SCR reduced order model
Let us consider the equation set , with € = 0 that is :

03 — Uech, Cinter,d _ Cout + Kd Rd ea Cout + Rd 6(1 + R 0a7cout Cout (47a
L c
df,

=K <Rd(9a)C°“t +RY6,) + R(b,, cout)cwt) (47D)

We set apart and solve the algebraic part of ,

03 — Zech <Cinter,d o Cout) + Kg (Rd(ea)COUt + Rd(ea) + R(Gaa Cout)cout> (48)

Contrary to the LNT, system is not linear with respect to the output concentrations gathered
in the vector defined previously in (22¢),

Cout
out ou
cout = | oo (49)

out
Ca

However, stability property, existence and uniqueness of solutions also hold as stated now.

Theorem 3. Assume that v:, and C’Z-i” take on bounded and strictly positive values and that
the constant parameters p,, k‘?, Lser, Bi are strictly positive. Then for each value of 0, € [0,1],
there exists a unique solution C°"t of @) in ]R‘rjr.

Proof. The fully developed form of leads to the resolution of the following nonlinear equation
system :

s ) kfa
0= SEh (T — ) — Bonolpabla) = Ot — 1O paba) e (50n)
v inter ou ou k ou ou
0 - icc]::(cnog - Cno;) - kS'f'LO2 (paga)ﬁsnog Cnoz - %Cnotcnog (paea)ﬁfa (50b)
0 = Y5 (G — €M) — Fa(pa(1 = 0)) 7 C + () (50¢)
Developing (50b|) with the help of (50al) yields:
a(CIN? + b0 + ¢ =0 (51)
where
kta

0= 2 L (000 0+ Koo Lo (pub)2) (522)
b= _(U:ch + ksnoy Lser (Paea)ﬁsm2 )(Ugch + ksnoLscr (paea)ﬁsm) (52b)

k a inter inter

+ Vgen %ﬁscr (paea)ﬁfa (Cnoi - Cnot )
c= Uichcﬂfr (Veen + KsnoLser (Paea)ﬂsm) (52¢)
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From the assumptions one obtains that a < 0 and ¢ > 0. As a consequence, (51) admits two
solutions of different signs. Thus there exists a unique solution Cay ™ (Cinter cimier g,) of 1)
in R* whose expression is given by,

b— VA

Coubt = — , A =10%—4dac (52d)
2a

(50b)) and (50c)) provide directly the values of C24 and C2%. This achieves the proof of Theorem

Bl O

Stability issue is considered in the following result.

Theorem 4. Assume that v}, C’Z-m and C’fut take on bounded and strictly positive values and
that the constant parameters pg, k‘?, Lser, Bi are strictly positive. Then for any value of 0, €

(0,1), the equilibrium point exhibited in Theorem@ 18 asymptotically stable.

Proof. Let J be the Jacobian matrix of the fast subsystem evaluated at the equilibrium point
C°Ut and defined from as :

J = —2ech 11 4 KYRY(0,) + Vo R(6,, COU)COUY) (53)

scr

where Vour denotes the differential operator at C°“. One will show that the spectrum of J
lies in the open left half plane. From (22¢|) to one obtains :

7= < J 02><1> (54)

O1x2  J33
with . .
J_ (Jp j_u) (55)
J21  J22
and where the j; are defined hereafter:
1 ’U;C k a ou
g = =~ Fano(paba) " = =0 (paba) 1O, (56a)
; k a ou
Ji2 = _%(paea)ﬁfacnot (56b)
; k a ou
J21 = _%(paea)ﬁfacno; (56C)
: vzc k a ou
J22 = T b Ksnos (Pa‘ga)ﬁsm2 - %(Paea)ﬁfacnot (56d)
: Vee »
J33 = T b Kaa(pa(l — 9@))6 (56¢)

As a block diagonal matrix spec(J) = spec (J)U{js3}. The quantity jss is negative, thus, it
remains to show that spec (J) € {z € C/Re(z) < 0}. By a short calculation one observes that :

det (J) = Juije2 — jo1jiz k
USC sno sz sno a a ou
= (ﬁ + ksno(paea)ﬁk )(ﬁ + Esno, (Paea)a 2 + %(Paaa)ﬁf Cnot) (57)

k v
75" (afa) 17 (% + Kooy (pafla)72) T,
scr
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Thus, under the assumptions of the statement one is able to say that det (J) > 0, tr (J) < 0 and
as a conclusion, J is Hurwitz. This achieves the proof of Theorem ]

We finally ended up with the following SCR reduced order model :

) 4
paea - kaa(pa(l - Ha))ﬁaacgut — kda(paga)ﬁda — koa(paaa)lgoa o ngnOQ (paea)ﬂsn% Cglol;f (58&)
B kjsno(paefl)ﬁsnocgzt - kfa(paea)ﬁfaczthOUt

no2

Cros = Croe (O, ™, 0a), - see (58b)
out __ Uzchcﬁgger

cout = (58¢)

kfq
U2+ Fonoser (Paba) 1o + 2 Lo (paba) e Cit

s Cz‘nter +k5d L (p 4] )5da
Cout _ ech“~a a~scr\MaVYa 58d
“ Vech + kaaﬁscr(pa(l - 9@))6(1(1 ( )

6.3 Global reduced system

Due to the explicit resolution of the algebraic part of both subsystems, the reduced system turns
out to be composed of a two-dimensional ode, namely,

. Cinter 1—6 Banoy
pnen — kanoz nog (pﬂ( n))

1+ kinhibn@ 9n

- ST’TL krn (pnen)ﬁrn C;‘Zfler - Srakra (pnen)ﬂwl CTZ"Z(tier - % (pnen)ﬁ"‘”a Cl,;nter

. 4
Pabla = kaa(pa(l — Ha))ﬁaacgut - kda(ﬂaea)ﬁda - koa(ﬁaea)ﬁoa - §k5n02 (Paaa)ﬁsm2 CZZ§ (59b>
— Ksno(pafla) 0 C8" — kfa(paba)’fe Cout Cout

noz

- kdnog (pnen)ﬁdm)? + kano(pn(l - 971) )Bano C;Zter (593‘>

where
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0o = 01 (Cy', Crig, On), see (59¢)
C«inter — vgchcf{é + k'f’nOQ Epncf%%éer (59d)
"o Ugch + komnoﬁpn + kanoﬁpn (pn(l - Hn))ﬁ‘”w
e _ U4 Bt 0L Cly + K Con (000 + Vool CUE)
" (1 + kmhib”@ 9”)(vgch + an02 [’Pn) + kan02 ‘Cpn (pn(l - ‘971))6(1"02
Cinter — v?ch Cén (59f)
° 0+ kaoLpnpo(l — 6,)
) o™ Cm
C'Lnter _ ech ~“'red 59
red ”Ug‘ch —|— krnﬁpn (pngn)ﬂrn + kraﬁpn (pnen),@ra _|_ kraocpn(poeo)ﬁrao ( g)
Cinter _ Sr‘lkraﬁpnci?éer (pnen)'gm h
a - . k L 0 Br (59 )
Vech + Frna pn(pn 'fl) rna
Cost = Cosbt (Ot Chet” 64), - see (591)
Vs Cinter
ngt — ech —~no (59j)

kfq
U2+ Fonoser (a0a) 7 + 2 Lo (paba) 10 Cit

ve Cinter + kd L (p 0 )ﬂda
Cout _ Yecnta a~scr\PaYa 59k
* Vech + kaaﬁscr (pa(l - 9@))6(1(1 ( )

Its state variable is (6, 6,), composed thus of the coverage fractions of NO, in the LNT
and ammonia in the SCR. Notice the triangular structure in , reminiscent of the upstream-
downstream structure of the device : 6, evolves independently of 6,,.

6.4 Boundedness of the coverage fractions

Being supposed to represent coverage fractions, the variables 6,, and 6, should take on values
belonging to the interval [0, 1] at any time. Thus it is important to verify that the reduced model
exhibits such a property. This is what we do now.

Theorem 5. Consider equation (@ Assume that the variables v, , v:, Cf" are bounded and

take on strictly positive values, and that the kinetic constants p, k:?, Lopn, Lser, Bi are strictly
positive. If at the initial time t = 0,
0<6,0)<1, 0<6,0) <1

then the same inequalities are fulfilled for any t. Moreover, the same property is valid with strict
inequalities.

Proof. The assumptions yield directly,

0, >0, if 6; =0
0, <0, if0; =1, fori=a,n

The proof of Theorem [5| then comes from direct application of the following Lemma.
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Lemma 1. Let f: RT x R™ — R" be a continuous function and Q = [0,1]". Assume that there
exists ¢ > 0 such that for any t € RT, for any x € Q, for any i € {1,...,n},

XTi = 07 foz(tvx) > ¢,
x; =1, if fi(t,z) < —c.

Then, denoting Q the closure of §2, if there exists to such that z(to) € Q (resp. Q), then x(t) €
(resp. Q) for any t > to, where x(t) is a solution of the ode @(t) = f(t,z), z(to) = o

This achieves the proof of Theorem O

The algebro-differential structure of system permits to deduce from Theorem [5|a result
of positivity of the concentrations.

Corollary 1. Under the hypotheses of Theorem [J, for any t > 0 the components of the con-
centration vectors CIPteT defined in and C°Ut defined in are strictly positive. The
value of 0, lies in (0,1).

Proof. The proof of Corollary [1] is evident from Theorem [T and Theorem O

6.5 Further reduction of the models

The aim of this part is to show that under adequate assumptions, the models with NO/NO,
differentiation developed here can be further reduced, leading to a model similar to the one
presented in [5]. Euro 6 standards only lay down restrictions on global NO, emissions. Cur-
rently the sensors available on the vehicles are NOx sensors, providing global information on the
concentration of NO+NO,. Even for calibrations, NO and NO, measurements are not always
at disposal, it is thus meaningful to develop a model with an aggregated NO, species.

6.5.1 Assumptions
Let us define the aggregated NO, species as :

Cnaz = Cno + Cnag (60)
The following assumptions are considered :

It is assumed that the exhaust gas NO, only corresponds to NO species, i.e :

cin—cin - Cn o=, (61)

nox’ nog

Indeed, NO, in the exhaust gas exits the engine in majority under the form of NO, the NO,
essentially originating from the oxidation reaction taking place at the beginning of the storage
process in the NO, trap.

We assume that the oxidation mechanism of NO species is dominant (see (9a)) and that no NO
species is created from the existing reactions, i.e :

kozno > Ueich7 kano krnoz =0. (62)
Lon
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6.5.2 Resulting model

The result of the reduction process is given by the following Theorem :

Theorem 6. Assume and (@) Then, considering Chor as defined in @, the solutions
of system (@) verify :

. Cinter (,On(l _ en))ﬁanoz

nox
pnen = Kanox

_ kdnom (pn en)lgdnoz — Srnox kT‘TLOI (pn gn)ﬂrnom 0;12387‘

1+ kinhibnoxen
. k '
= Svakraae () 722 OILET = S ()P e (63a)
Paba = Kaaor(pa(1 = 02))**"C2" = Kiaon (9a0a) ™2 — Knor (pabla) ™" Citt = Foaor (pata)
(63b)
where
Cinte?“ — (1 + kinhibnozen)(vgchcqlz(l)m + k’dno;vﬁpn (pnen)ﬁdnow) (63C)
nox Ugch(l + k‘mhz‘bnomen) + k‘anox[,pn (pn(l _ Qn)),@anoz
Cinter vgch iZd
) 63d
red Ugch + krnomﬁpn(pnen)ﬂrnom + k?"aorﬁpn (pngn)ﬁmox + knzoxﬁpn (poeo)ﬁmox ( )
Cinter — srakiraos LonCred” (pnbn) e (63e)
a ’Ugch + krnao;c»cpn(pnen)ﬁrnaoz
0o = 05 (C3, Citg, 0n), see (38) .
s Cinter
C’gg«; == vech nox (63g)

UECh + KsnowSnox Lscr (paea)ﬁsnoz
Cout _ Ugch02nter —+ kdaoxﬁsc’f (paaa)ﬁdaoz (63h)
‘ Q]:ch + kaaoz Lscr (pa(l — ea))ﬁaaom

with

kanox - kanoza kdnom = kdn027 ksnox - ksnoza kinhibnow = kinhibn027
krnoz = krna kr(wx = kT’LM krnaoa} = krnaa kaaoaz = kaa; kdaow = kdav koa:!: = koav
/Banoac = ﬁanog; Bdnox = Bdnoza Bsnom = Bsnom

Brnoa: = /67'717 5raow = 5ra0$7 Brnao:c = 5rna7 /Baao:c = Baav Bdaoz = 5da7 Boam = Boay

Proof. From , after a short calculation, one obtains the fully developed forms of (59d|) and
(59¢):

) k )
VeenCrlo (vé‘ch + Krnoy Lpn + “:12 g Lonlon(1— en))’3m2) + Frno Lon (07, Cithy + Ko Lon (pn6n)?1n02 ) )
tnhibnog

Cinter —
no &
(’U:ch + koznoﬁpn + kuno[:pn (pn(l - 977,))5‘”“’) (U:ch + kv‘nog Epn + $Lpn (Pn(l - gn))BanDQ) — krn02 koznoﬁgn
1+ kinhibnOQ 9n
(65a)
Cinter koznoﬁpnvgchcz,:’é + (UZCthLZQ + kdnog Epn (pnen)ﬁd"(Q) ('Uzch + koznocpn + kanoﬁpn (Pn(l - en))Bano)
noy

k
(/Ugch + k/'ozno[«pn + kanoﬁpn (pn(l - Hn))/gano) (’U?Ch + krnog £pn + —_ame2 £pn(pn(1 - en))ﬁano2> - k"rnog koznocgn
1+ kinhibnoz 071
(65b)
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Thus, by direct application of the assumptions of the statement, (65a) becomes :

n in
Cinter ~ vechCnO
no

koxnoﬁpn
v C“Z) + kanQ Epn (pngn)ﬂdmz

Cinter ~ ech~'n

nog L
Voen,  Krnoy Lpn + %%n(ﬁn(l — 0y,))Pane
2

And then,
Cinter ~ 0
no
vgchcr% + Kdno, £pn(/’n9n)ﬂd"02

k
n k £ $£ 1 _ 9 ﬂanoz
Vech * o * 1+ kinhibnoz 071 pn(Pn< n))

Cinter ~

noz

Recalling that Ci" = Cn

o, the resulting equations are the following :

inter
Cro =0

n in
Cinter ~ Vech Cnom

nos L
n k E $£ 1 _ 9 /Bano2
Vech - Kirnos fopn 7 + KinhibnosOn pn(Pn n)

+ kanQ Lpn (pn an)ﬁdno2

As a consequence of (59
o ~ 0,

and yields
Cout ~ Cout

nox nog’

(66a)

(66b)

(67a)

(67b)

(68a)

(68b)

(69)

(70)

Then, considering one obtains the corresponding result. This achieves the proof of Theorem

(6

O]

Remark 1. One may notice that (@ 18 the reduced model corresponding to a LNT-SCR archi-

tecture whose chemical model is the following :
For the NO, trap,

k"’noz/kinhibnoz
2, + NO, =  NOJ

X
kdnox

$rmoeNO* + Red ¥287 5.5, + (S’"g“) N, + 11 H,0 + 1,CO,

SraoxNOL ™ + Red Fraga Sraox2n + Sraox NHg + 13H,0 + 14,CO,,
1 1 Ernaos 1 7 1
~NO,* 4+ =NH, "™ _% —N -H,0
g 0x TR gon g2 gt

25, + 0, 5 20*
O* + Red "%* %, + 15CO,

and for the SCR,
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kaaoz
Se+NH, = NH,* (72a)
daox
3 7. 3
NHj* + {NO, Fonge 53, + N + 5H,0 (72b)
3 1. 3
NH," + 70, Foagr 31, 4 5Nz + SH,0 (72¢)

where NO, = NO 4+ NO,. Theorem [f] shows that under the stated hypotheses, it is just as if all
of the entering NO is immediately changed in NO,, which afterwards dictates the kinetics.

7 Experimental results

The tests used for calibration and validation of the models are presented in this part. The
calibration of each model was carried out separately. In the case of LNT, the calibration was
performed with standard driving cycles called New European Driving Cycle (NEDC). The latter
is the homologation cycle for Furopean vehicles. Validation is still to be done.

The SCR catalyst has been calibrated with stabilized driving data and then validated with
another normalized cycle called Artemis cycle. The identification and validation processes are
presented in the sequel.

For confidentiality reasons, the units of the quantities involved are omitted (through normal-
ization) in the following figures.

7.1 Lean NO, Trap catalyst

Calibration of the model has been tested with real driving tests. The challenge here is to obtain
a reduced model of sufficient precision for control and monitoring.

The catalyst used has a volume of 1.91 and for these tests, NO and NO, measurements are at
disposal. As a consequence, NO, measurement is obtained from the equality NO, = NO, — NO.
A lambda sensor is also at disposal, which provides supplementary information about the Fuel-
Air Ratio [23].

7.1.1 Method

Referring to equation , one can notice that the model is a highly nonlinear function of nu-
merous parameters (30 kinetic parameters to adjust). The simultaneous identification of the
kinetic parameters turns out to be complex. In order to overcome this difficulty, the reaction
orders (3; are fixed according to the relative literature [12], [6]. For the other kinetic param-
eters,one defines a calibration vector containing the 24 model parameters to be identified (see
Table , then, using the results of [6] as starting point one adjusts the values at best using
classical optimization methods (least squares algorithm). Recall that the calibration targets are
NO,, NO and the equivalent Fuel-Air Ratio.
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Parameters Pn Po koamoO krnog(]

Units mol /m3 mol/m? (mol/m?)~2 xs~1 -
Parameters k(l’l’lOQO kinhibnogo kdnogO kanoo

Units (mol/m3)=2 xs~! [ (mol/m3)~? xs~! | (mol/m?)~2 xs~! | (mol/m3)~2 xs~!
Parameters kyrno krao krnao Eaoo

Units (mol/m?)=2 xs~1 | (mol/m?)~2 xs~! | (mol/m?)~2 x5! | (mol/m?)~2 xs~!
Parameters krao0 FEorno Erno, Eonos

Units (mol/m?)~2 xs~! Jxmol~* Jxmol~} Jxmol~}
Parameters Einhibno, Eino, Eano Ern

Units Jxmol Jxmol Jxmol ! Jxmol !
Parameters Erq Erna Foo Erao

Units Jxmol ! Jxmol ! Jxmol ™! Jxmol ™!

The real driving tests consist in the concatenation of two NEDC cycles :

Table 1: Parameter for calibration

two rich periods and the second one is only under lean mode.

7.1.2 Results

the first one has

Figure [5| and Figure [6] compare measured and calculated NO, and NO concentrations. The
model displays quite a good correlation with the experiments.

51 ‘ ‘ 1

£ —measurement

5 - -model }

g | |

£ 05 05 | ]

: N

0o b [ iy i b

0o b : . } bl i \"“‘,‘i | R TR R N .

L TSR SN T L A e i m T AT Iy AN o b

‘ 00 200 400 600 800 1000 120 OO 200 400 600 800 1000 1200
time (s) time (s)

5

z 1 \ — 1 —

. ~—In / /

] J—

P measurement A

E - -model — — .

© 05- |~ purges launch 0.5 .

g 00 200 400 600 800 1000 1200 OO 200 400 600 800 1000 1200
time (s) time (s)

Figure 5: Comparison between experimental and simulated values of NO, output in lean and
rich conditions for NEDC experiments, the vertical lines corresponding to the beginning of the

two purges.
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Figure 6: Comparison between experimental and simulated values of NO output in lean and
rich conditions for NEDC experiments, the vertical lines corresponding to the beginning of the
purges.

One can observe a deviation of the cumulated NO mass from the corresponding measure-
ment (in the lower right corner of the lowest picture of Figure @ This deviation may come
from calibration errors on some kinetic parameters or modeling errors. It would be interesting
to improve one’s knowledge on the reactions implied in @ in order to adjust the calibration
results at best or propose better starting points to the optimization process.
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in

— model
— measurement
1.041 . 1.051 i
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1.035F b
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- 1.035F b
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1.015F b
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875 890 1094 1096 1098 1100 1102

time (s)

Figure 7: Comparison between experimental and simulated values of FAR. Here only the part
of the part of the ratio greater than one is highlighted.

Figure [7] is a zoom in on measured and calculated value of the equivalent Fuel-Air Ratio
during the purges. Representing the part of the ratio greater than one (excess of reducing
species in the exhaust). It allows to identify correctly the terms of the model linked to the
purges. The modeling results are less conclusive but many simplifying assumptions have been
made on the regeneration process (see section . It would be a valuable improvement to consider
each reducing species in the chemical scheme and compare the results.

7.2 SCR catalyst : Calibration

As in the previous part, the model is calibrated with real driving data. The challenge here as well
is to obtain a predictive model valid on a wide range of driving conditions. The catalyst used
has a volume of 2.5]. The experiment was performed with two series of data under stabilized
conditions. For these tests, the calibration targets are NO,, NO, and NHj.

7.2.1 Method

The calibration of the SCR catalyst requires less parameters than for the LNT. Therefore, one
has been able to define a vector of 19 kinetic parameters to be identified (see Table . Similarly
to the LNT calibration, the results of [24], which are the basics of this work on SCR modeling,
have been taken as starting point for the optimization algorithm.
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Parameters /Baa ﬂda ﬁfa Bsno

Units — — — —
Parameters /BsnOQ ﬁoa Pasc kaaO

Units - - mol /m? (mol/m?)~2 xs~!
Parameters kdao ka0 ksnoo ksnoq0

Units (mol/m?)=2 xs~1 | (mol/m?)~2 xs~! | (mol/m?)~2 x5! | (mol/m?)~2 xs~!
Parameters koa0 FEuq FEg Ey,

Units (mol/m?)~2 xs~* Jxmol~* Jxmol~* Jxmol~*
Parameters FEono Egno, E,,

Units Jxmol ! Jxmol ! Jxmol !

7.2.2 Results

Table 2: Parameter for calibration

Figure [§ and Figure [J] respectively compare measured and calculated NO,, NO, and NH; con-
centrations. The model displays quite a good correlation with the experiments.

2000
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2 ¢ 1
3 fNOX out meas.
c —_NO_ out mod.
o X
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Figure 8: Comparison between experimental and simulated values of NO, and NO, under the
stabilized driving data.
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Figure 9: Comparison between experimental and simulated values of NH; output under the
stabilized driving data.

7.3 SCR catalyst : Validation

The model has been validated afterwards, with data originating from an Artemis cycle. The
catalyst used is the same (2.5] with same ageing). Such a cycle contains wider range of speed
and driving modes and, as a consequence, gives better illustration of real driving conditions.
Figure [10] and [T1] provide the corresponding results.
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Figure 10: Comparison between experimental and simulated values of NO,
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Figure 11: Comparison between experimental and simulated values of NH; output for an Artemis

experiment.

Regarding NO and NO, concentration, the model fits quite well the experiment. The results
for ammonia are also satisfying in spite of a deviation at the end of the cycle. One conjectures
that the latter may be due to the lack of representativity during the calibration process (possibly
due to the limited range of variation of temperature input).
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8 Summary/Conclusions

In this paper, a step-by-step construction of reduced-order models of the LNT-SCR, architecture
has been performed, composed of the two models in series.

e The models have been identified separately, only calibrated for the LNT and validated as
well with real driving conditions data in the case of the SCR.

e Some properties of the models have been stated and proved, permitting to estimate their
accuracy.

e The models described ensure globally quite a good predictability on real driving experi-
ments. It would be interesting to find a criterion to quantify their accuracy. This could notably
permit discrimination between different architectures of after-treatment lines.

e Being built with systems of small order ODEs, the proposed models have low complexity.
They will be used for future works on control and diagnosis applications.

e Lastly, some phenomena like thermal ageing of the catalysts or poisoning processes from

undesirable species have not been taken into account in the model. Including these aspects in
future work will lead to valuable improvement.
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A
Al

RR n°

Definitions/Abbreviations

Indexes/exponents

oxno,rnos : Respectively NO oxidation and NO, reduction,

ano, anoz, ao, aa : Respectively NO, NO,,Oxygen and Ammonia adsorption,

dnog, da : Respectively NO, and Ammonia desorption,

inhibnog : Inhibition of NO, adsorption,

rn,ra,rao : respectively NO, reduction to Nitrogen , to Ammonia and Oxygen reduction,
rna : NO, reduction by the ammonia formed during rich period,

oa : Ammonia oxidation,

sno, snog : Respectively NO and NO, reduction by stored Ammonia,

fa : NO and NO,, reduction by stored Ammonia ("fast reaction”),

in,inter,out : Respectively LNT inlet, LNT outlet/SCR inlet, SCR outlet,

Greek/Latin letters

v, vs., ¢ exhaust gas speed respectively in the LNT and the SCR catalyst,
s, v : stoichiometric coefficients,

O, 00,0, : Coverage fractions respectively of NO,, Oxygen and Ammonia on the catalyst
sites,

Pn, Pos Pa = Density of sites on the catalyst layer respectively for NO,, Oxygen and Am-
monia,

T : Catalyst temperature,
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e R : Gas constant,
® Lyn, Lser + Length respectively of the LNT and the SCR catalysts.

B Proof of (45)

p2p1 — p3 = — Jer1gv22(Jo11 + Je22) + Je1agvar (Go11 + 25b22 + Joaa) + Je2agvaz (Ge22 + 25611 + Joaa)
— (Jb11 + Jv22 + Jbaa)Jraa(Go11 + Je22)

Observing that :

. 1 . .

Jbaa = o (—Jb1a + Jb24) (73a)

. Ugch .

Jor1 = =7~ = joarPo (73b)
pn

Jpoo = 712’“h — X (0n) + jvazpo, where X (0,) is defined in (73¢)
pn

we then obtain :
p2p1 — P3 = — Je11db22(Jb11 + Je22)

o o 1. . ) .
+ Jo14b4a1 {—3% —2X(0,) + = (Jb2a — Jb14) + po (2Jpa2 — ]b41):|

pn

L vl 1. . . .
+ Jb247b42 {—3 ech _ X(0,) + ; (Jv2a — Jv14) + po (Joaz — 2]1741)]

Lopn
1 . . ’Ugch . . ’Ugch 1 . . . .
— — (Jo2a — Jo14) | —2 — X(0n) + po (Joaz — Joa1)| | =222 — X(0n) + — (Jb2a — Jv14) + po (Joaz — Jba1)
Po Lpn Lpn Po

= — Jo11Jv22 (Jo11 + Jb22)

n

o v, 1. ) ) . o vl .
~+ 14741 {—2£ h_ X(6,) + o (Jv2a — Jv14) + po (Joaz — ]b41)] + Jv14Jb41 (— z h_X(6,) + pojb42)
pn o pn

. vl 1. . . . . v .
+ Jv24b42 {*2% — X(0n) + — (Jo2a — jb14) + po (Joaz — ]b41)] + Jv24Jb42 (* L,eCh — po]b41)
pn Po pn

v 1. . . . S .
+ {<2Th + X(%)) o (Jb2a — Jb14) — Jv2ajbaz + Je2advar + Jerafbaz — Jb14]b41:| X
pn o
’Ugch 1 . - . .
X _QT —X(0,) + s (Jb2a — Jv1a) + po (Joaz — Jpa1)
pn o

A first simplification gives :

. . . L Ve . o Vg .
p2p1 — Pp3 = — Je11ds22(Jo11 + Je22) + Jer4Jbat (—Th —X(0n) + pojb42> + Jv24 642 (— T ho_ pojb41>
pn pn

+ {(2 %Ch + X(Qn)) o (Jb2a — Jbra) + Jo2ajear + ]b14]b42:| [—22 h_X(6,) + pn (Jv2a — Jb14) + po (Jbaz — ]b41):|
pn o pn o
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then, developing the fourth term of the previous expression gives :

n n

. . . L Voo . L vl .
p2p1 — P3 = — Je11ge22(Jb11 + Jv22) + Jv1adba1 (— Z h_ X(0n) + pojb42> + Jb24Jba2 (— Z ho_ po]b41>
pn pn

pn o Acpn

o 1 . o 1 . . .
+ (2%“ + X(an)> o (Jb2a — Jor4) [*21} L —X(0,) + o (Jb24 — jora) + po (joaz — Jb‘ﬂ)}

o Ve 1 . . . .
+ Jb24Jba1 {727’1 — X(0n) + — (Jv2a — Jv14) + po (Joaz — ]b41):|
pn Po

. v, 1. . . .
+ Jvragbaz {—QTh —X(0,) + s (Jb2a — Jv14) + po (Jbaz — ]b41):|
pn o

We rewrite the previous expression under the form (notice the change in the second line) :

n

L . . L v . . vy, .
p2p1 — P3 = — Je11v22(Jb11 + Je22) + Je14fba1 (—Eic}l —X(0n) + pojb42> + Jv24)b42 (— ECh — po]b41)
PN

pn

U:ch v:eh 1 . . v:ch 1 . . . .
+ (| ==+ X(0,) + 7) — (Jb24 — Jb14 {*27 — X(0n) + — (Jv2a — Jv14) + po (Jbaz — Jva1 }
(i + 0w + 222 ) ) |2 - 20 + )+ o )

L v, 1. ) . )
+ Jv247b41 {—QT}L —X(6n) + ; (Jv2a — Jb14) + po (Jbaz — ]b41)]
pn o

L o 1. . . .
+ Jb14Jb42 {—2% — X(6n) + ; (Jv2a — Jb14) + po (Jraz — ]b41):|
pn o

and further developments lead to :

L . . .. Vg . L vy )
p2p1 — P3 = — Je11Js22(Jo11 + Je22) + Jp14bar (—7,L —X(0n) + pojb42) + Jb24Jb42 (— T b _ po]b41)
pn

Lpn
v 1. v, 1. ) ) ) vy
+ (£ L X(Qn)) p—]bm {—21: h_X(6,) + o (Jb2a — Jv14) + po (Joaz — ]b41):| + 13 " jv24baz
pn o pn o pn
v, 1 [ o 1
+ et s [ =22 — X(0,) + — (Jboa — Jb1a) — pojb41]
Zon 7o 2. (0) o ( )
v . Vgy, 1. Voo 1. . .
+ (576}1 + X(Qn)> Jb14pa1 + (Th + X(en)) ;]b14 {—QT}I —X(0n) + o (Jb2a — Jora) + po]b42:|
Pn pn o pn o
v(?ch 1 . [ v(?ch 1 . . . . :|
— 5 —gb1a | =277 — X(On) + — (Jv2a — Jv14) + po (Joaz — Joar
Epn po L Epn ( ”) po ( ) 0( )
.. . L vl 1 . . .
+ Jb24Jb41PoJba2 + Jb24b41 {—2 Z ho_ X(0n) + ; (Jv2a — Jb14) — po]b41]
pn o

. . o v, 1 . .
— Jb14Jb42P0Jbal + Jb147b42 {*Qﬂ — X(0n) + — (Jo2a — jo14) + pojb42]
,Cpn Po

Putting together the last term of 27 line and 5" line, and the first term of 4" line with the
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first term of last line, one factorizes this expression in the following manner :

n n

. . . L Voo . L vl .
p2p1 — P3 = — Je11de22(Jb11 + Jv22) + Jp1adba1 <— z h X(0n) + pojb42> + Jb247b42 (— Z ho_ po]b41>
pn pn

n 1. A 1. ) ) .
+ <%Tf: + X(en)) gjb% {*QZT: —X(0n) + o (Jv2a — Jv14) + po (Joaz — ]b41):|

vl . Vg 1. . ,
= —Jb24 {*2£ h X(0n) + — (Jo2a — Jb14) — pojbu]
pn Po

Lon

1
+ ech
Epn Po
Vee 1. vg. 1. . .
+ (—h + X(9n)> — Jb14 {—27}1 = X(05) + — (jo2a — Jv1a) + Pon42}
ﬁpn pD po
/U;LC}L 1 - |: Uf?ch 1 . . . .
—— —Jb14 | —2 — X(0n) + — (Jo2a — Jv14) + po (Jbaz — Jva1
Lon 7o y (0n) o ( ) ( )

.. [ 1 . . .
+ Jo24ba1 {*257“ — X(0n) + o (Jv24 — Jo1a) — Po]bzu}
o

Pn

o ve, 1 . . .
+ Jv14dbaz {—QT}I — X(0,) + . (Jo2a — Jo14) + po]b42:|
pn o

n n

o o™, ) o vl .
+ Jbragbar < h L X(9,) - pojb42) + Jb24Jbaz ( by po]b41)
Lom Lom

Then, after two simplifications of the terms from first and last lines and a further factorization
we obtain :

p2p1 — P3 = — Je11fb22(Jb11 + Je22

)
[ ech Ug;:h 1 . . .
+ | Jbr4dbaz — jb14* + X(6,) _QT — X(0,) + = (Jb2a — Jv14) + pojbaz
pn o

[ ec, vech 1 . . .
+ | Jv2agpar + ]b2477h:| {—2 — X(0n) + — (Jo2a — Jr14) — po]b41:|
2o Lom y (6) o ( )

. 17 1 [o” vl 1. ) ) .
+ _*Jb14g 5:: +]b24g (E:: + X(%))} {*257;: —X(0,) + . (Jb2a — Jv14) + po (Joaz — ]b41):|

Finally, with the help of (73a)), we obtain :
p2p1 — P3 = — Je11Jb22(Jo11 + Je22)

, - 1 (ve. ce ) -
+ Jvi4 (Jb42 - — (u + X@u))) <—2v7‘h — X (0n) + Jvazpo +Jb44>
po \ Lpn Lpn

) ) 1 v, Ve, ) )
~+ Jb2a (]b41 + /To ﬁ;:) (*Qﬁ — X (0r) — Jba1p0 +]b44)

C Vgen . X(O0n) ) . . ,
+ | Jbaa + Jv24 (Jo11 + Jo22 + Jbaa)
[fpn Po

This achieves the proof of .

Inria



Appendices 41

References

1]

2]

[13]

[14]

[15]

R. Snow, G. Cavatatio, D. Dobson, C. Montreuil, and R. Hammerle. Calibration of a LNT-
SCR Diesel Aftertreatment System. SAFE Technical Paper Series, April 2007. 2007-28-1244.

J. Theis and E. Gulari. A LNT+SCR System for Treating the NO, Emissions from a Diesel
Engine. SAE Technical Paper, 2006. 2006-01-0219.

J. Parks and V. Prikhodko. Ammonia Production and Utilization in Hybrid LNT4+SCR
System. SAFE Technical Paper, 2009. 2009-01-2739.

D. Chatterjee, P. Koci, V. Schmeisser, and M. Marek. Modelling of NO, storage + SCR
Exhaust Gas Aftertreatment System with Internal Generation of Ammonia. SAE Int. J.
Fuels Lubr, pages 500-522, 2010. 2010-01-0887.

D. Marie-Luce, P-A Bliman, D. Di-Penta, and M. Sorine. Control Oriented Modeling of
a LNT-SCR After-Treatment Architecture. SAFE International Journal of Engines, pages
1764-1775, June 2011. 2011-01-1307.

A. Lindholm, N.W. Currier, J. Li, A. Yezerets, and L. Olsson. Detailed kinetic modeling
of NO, storage and reduction with hydrogen as the reducing agent and in the presence of
CO, and H,O over a Pt—Ba/Al catalyst. Journal of catalysis, july 2008.

L.Lietti, I. Nova, and P. Forzatti. Role of Ammonia in the Reduction by Hydrogen of NO,
Stored over Pt—Ba/Al,04 Lean NO, Trap Catalyst. Journal of catalysis, june 2008.

L.Lietti, I. Nova, and P. Forzatti. Mechanistic Aspects of the Reduction of Stored NO,
over Pt—Ba/Al,O4 Lean NO, Trap Systems. Catalysis Today, March 2008.

M. Schaefer, L. Hofmann, P. Girot, and R. Rohe. Investigation of NO,-and PM-reduction by
a Combination of SCR-catalyst and Diesel Particuate Filter for Heavy-Duty Diesel Engine.
SAE Int. J. Fuels Lubr, pages 386-398, 2009. 2009-01-0912.

A.P.E. York, M. Ahmadinejad, T.C. Watling, and A.P. Walker. Modeling of the Catalized
Continuously Regenerated Diesel Particulate Filter (CCR-DPF) System : Model Develop-
ment and Passive Regeneration Studies. SAE Technical Paper, 2007. 2007-01-0043.

L. Cao, J.L. Ratts, A. Yezerets, N.-W. Currier, J.M. Caruthers, W.N. Delgass, and F.H.
Ribeiro. Kinetic Modeling of NO, Storage/Reduction on Pt—Ba/Al,04 Monolith Catalysts.
Industrial € Engineering Chemistry, july 2008.

M. Sharma, K. Kabin, M.P. Harold, and V. Balakotaiah. Modeling of NO, storage and
reduction for Diesel Exhaust Emission Control. SAFE Technical Paper Series, April 2005.
2005-01-0972.

A. Manigrasso, P. Darcy, and P. Da Costa. Modeling of a Lean NO, Trap System with
NO/NO, Differentiation. SAE INT. J. Fuels Lubr., pages 414-424, 2010. 2010-01-1554.

M. Milh and H. Westberg. Reduction of NO, Stored in a Commercial Lean NO, Trap at
Low Temperatures. Topics in catalysis, May 2007.

J. Parks, S. Huff, J. Pihl, and J.S. Choi. Nitrogen Selectivity in Lean NO, Trap Catalysis
with Diesel Engine In-Cylinder Regeneration. SAE Technical Paper, 2005. 2005-01-3876.

RR n® 7913



42

Marie-Luce & Blimanés others

[16]

[21]

[22]

[23]

[24]

[30]

D. Terribile, J. Llorca, M. Boaro, C. de Leitenburg, G. Dolcetti, and A. Trovarelli. Fast
Oxygen Uptakes/Release over a New CeO, Phase. Chemical Communications, 17:1897—
1898, 1998.

J.C. Wurzenberg and R. Wanker. Multi-Scale SCR, Modeling, 1D Kinetic Analysis and 3D
System Simulation. SAFE Technical paper series, April 2005. 2005-01-0948.

C.M. Schér, C.H. Onder, H.P. Geering, and M. Elsener. Control of a Urea SCR, Catalytic
Converter System for a Mobile Heavy Duty Diesel Engine. SAFE Technical Paper Series,
March 2003. 2003-01-0776.

Q. Song and G. Zhu. Model-based Close-loop Control of Urea SCR, Exhaust Aftertreatment
System forDiesel Engine. SAE Technical Paper Series, March 2002. 2002-01-0287.

I. Nova, C. Ciardelli, E. Tronconi, D.I Chatterjee, and M. Weibel. NH;—NO/NO, SCR
for Diesel Exhausts After Treatment : Mechanism and Modelling of a Catalytic Converter.
Topics in catalysis, 2007.

P. Kokotovié¢, H. Khalil, and J. O'Reily. Singular Perturbation in Control : Analysis and
Design. STAM, 1999.

A. N. Tikhonov. Systems of differential equations containing small parameters multiplying
the derivatives. Mat. Sborn., 31:575-586, 1952.

W. Chatlatanagulchai, K. Yaovaja, S. Rhienprayoon, and K. Wannatong. Air-Fuel Ratio
Regulation with Optimum Throttle Opening in Diesel-Dual-Fuel Engine. SAFE Technical
Paper, 2010. 2010-01-1574.

A. Joshi, Y. Jiang, P. Florchinger, and S. Ogunwumi. Two-dimensional transient monolith
model for selective catalytic reduction using vanadia-based catalyst. SAFE technical paper
series, 2008. 2008-28-0022.

C. Enderle, G. Vent, and M. Paule. Bluetec Diesel Technology - Clean, Efficient and
Powerful. SAE Technical Paper, 2008. 2008-01-1182.

S. Hackenberg and M. Ranalli. Ammonia on a LNT : Avoid th eFormation or Take Advan-
tage of It. SAE Technical Paper, 2007. 2007-01-1239.

A. Ketfi-Cherif, D. Von Wissel, S. Beurthey, and M. Sorine. Modeling and Control of a
NO, Trap catalyst. SAE Technical Paper, 2000. 2000-01-1199.

J.R. Theis, J.A. Ura, and R.W. McCabe. The Effects of Sulfur Poisoning and Desulfatation
Temperature on the NO, Conversion of LNT+SCR Systems for Diesel Applications. SAFE
Int. J. Fuels Lubr., pages 1-15, 2010. 2010-01-0300.

L. Hofmann, K. Rusch, S. Fischer, and B. Lemire. Onboard Emissions Monitoring on a HD
Truck with an SCR System Using NO,, Sensors. SAE Technical Paper Series, March 2004.
2004-01-1290.

W. S. Epling, L. E. Campbell, A. Yezerets, N. W. Currier, and J. E. Parks. Overview
of the Fundamental Reactions and Degradation Mechanisms of NO, Storage/Reduction
Catalysts. Catalysis Reviews. Science and engineering, 46(2):163-245, 2004.

Inria



Appendices 43

[31] A. Schuler, M. Votsmeier, P. Kiwic, J. Gieshoff, W. Hautpmann, A. Drochner, and H. Vogel.
NH;-SCR on Fe zeolite catalysts - From model setup to NH; dosing. Chemical Engineering
Journal, pages 333-340, 2009.

[32] P. Forzatti, L. Castoldi, L. Lietti, I.Nova, and E. Tronconi. Identification of the Reaction
Networks of the NO, Storage:Reduction in Lean NO, Trap Systems. FElsevier, 2007.

[33] N. Kato, K. Nakagaki, and N. Ina. Thick Film Z 0, NO, Sensor. SAE Technical Paper
Series, February 1996. 960334.

[34] N. Kato, H. Kurachi, and Y. Hamada. Thick Film Z O, NO, Sensor for the Measurement
of Low NO, Concentration. SAE Technical Paper Series, February 1998. 980170.

[35] J. Kim, J. Sun, I. Kolmanovsky, and J. Koncsol. A Phenomenological Control Oriented
Lean NO, Trap Model. Proc SAE World Congress, 2003.

[36] L.Cummaranatunge, S.S. Mulla, A. Yezerets, N.-W. Currier, W.N. Delgass, and F.H.
Ribeiro. Ammonia is a Hydrogen Carrier in the Regeneration of Pt/BaO/Al,05 NO,
Trap with Hy. Journal of catalysis, December 2006.

[37] L. Olsson and B. Andersson. Kinetic modeling in automotive catalysis. Topics in catalysis,
april 2004.

[38] J. H. Bik, S. D. Yim, I-S Nam, J-H Lee, B.K. Cho, and S.H. Oh. Control of NO, emissions
from Diesel engine by selective catalytic reduction (SCR) with urea. Topics in catalysis,
2004.

RR n® 7913



V4

: in[arma!ics,mutheman’cs

RESEARCH CENTRE Publisher
PARIS - ROCQUENCOURT Inria

Domaine de Voluceau - Rocquencourt
Domaine de Voluceau, - Rocquencourt BP 105 - 78153 Le Chesnay Cedex

B.P. 105 - 78153 Le Chesnay Cedex inria.fr

ISSN 0249-6399



	Introduction
	State of the art on chemical modeling of LNT and SCR
	Operation of a NOx Trap
	Storage
	Regeneration

	Operation of a SCR
	Ammonia storage
	Selective reduction principle, [1,2]


	Chemical model reduction by species aggregation
	SCR chemical reduction

	Kinetic modeling
	Assumptions
	LNT Kinetic model
	SCR kinetic model

	Reduction by Singular perturbation
	Assumptions
	LNT model
	SCR model

	Properties of the reduced models
	Assumption
	Resolution of the algebraic equations and stability issues
	LNT reduced order model
	SCR reduced order model

	Global reduced system
	Boundedness of the coverage fractions
	Further reduction of the models
	Assumptions
	Resulting model


	Experimental results
	Lean NOx Trap catalyst
	Method
	Results

	SCR catalyst : Calibration
	Method
	Results

	SCR catalyst : Validation

	Summary/Conclusions
	Definitions/Abbreviations
	Indexes/exponents
	Greek/Latin letters

	Proof of (45)

