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(57) ABSTRACT 

One concept relates to a method of controlling fuel reform 
ing Within an internal combustion engine exhaust line. Fuel 
injections are controlled using a predicted temperature, the 
predicted temperature being a temperature that Would occur 
at some point in the future if predetermined assumptions are 
met. Preferably, the prediction is made using a model that 
includes terms for hydrocarbon storage and subsequent 
reaction Within the reformer. The method improves reformer 
temperature control, particularly over periods during Which 
the fuel supply to the reformer is pulsed. The scope of the 
invention also includes methods Wherein a temperature is 
not speci?cally predicted, provided the control method takes 
into account hydrocarbon storage and subsequent reaction. 



Patent Application Publication Nov. 8, 2007 Sheet 1 0f 4 US 2007/0256407 A1 

CNTRL 

EXHAUST AFTERTREATMENT SYSTEM 
8 : 10 i 

f a f 5 
TRANS- i CNTRL i 
MISSION , 5 

I f9 E 11 F22 20 P21 ,23 i 

’ lP ENGINE - - _ _ _ _ NH3 5 

i -REF- _DPF_ _LNT_ SCR / 



Patent Application Publication Nov. 8, 2007 Sheet 2 0f 4 US 2007/0256407 A1 

50 
x 

51 x 61 \ ‘ 

ACCOUNT FOR ADVANCE 
EXOTHERMIC < ‘ 

COMBUSTION CLOCK 

52X I f60 
ACCOUNT FOR ACCOUNT FOR 
ENDOTHERMIC CONVECTIVE HEAT 
REFORMING TRANSFER 

A A 

7 

ACCOUNT FOR THE 
WATER-GAS SHIFT 

REACTION 

ACCOUNT FOR 
FUEL STORAGE 

IS THERE 
XCESS OXYGEN? 

59\ v 
ACCOUNT FOR 
FUEL SLIP 

ACCOUNT FOR 
RELEASE OF STORED 

FUEL 

ACCOUNT FOR 
REACTION OF 

RELEASED FUEL 

5’\ I 
ACCOUNT FOR SLIP OF 

RELEASED FUEL 



Patent Application Publication Nov. 8, 2007 Sheet 3 of 4 US 2007/0256407 A1 

100 
-\ 

Desulfation 
Scheduler/Controller 

101 

103 

LNT Temperature ‘_ 
Predictor 

LNT Temperature /_ 102 
Controller 105 

/— 
Reformer Temperature 

Predictor 
A 

Reformer Temperature /_106 
Controller 

l 
107 

Injection Controller /— 

l 108 f 
Reformer 

l 109 
LNT 



Patent Application Publication Nov. 8, 2007 Sheet 4 0f 4 US 2007/0256407 A1 

200 x 

201 

IS DESULFATION 
REQUIRED? 

202 \ f- 209 
WAIT OUT LONG PULSE 

WARM-UP REFORMER <— PERIOD 

203 206 
\ v f 

INJECT FUEL TO WAIT OUT SHORT 

204 

207 

210 

NO 

211 \ 

PRODUCE REFORMATE 

REFORMER GETTING YES 

LNT GETTING TOO 

DESULFATION 

PULSE PERIOD 

205 / 
IS THE 

TOO HOT? 

TERMINATE FUEL 
INJECTION 

208 /— 
IS THE 

HOT? 

TERMINATE FUEL 
INJECTION 

COMPLETE? 

TERMINATE FUEL 
INJECTION 



US 2007/0256407 A1 

REFORMER TEMPERATURE CONTROL WITH 
LEADING TEMPERATURE ESTIMATION 

FIELD OF THE INVENTION 

[0001] The present invention relates to pollution control 
systems and methods for diesel and lean burn gasoline 
engines. 

BACKGROUND 

[0002] NOX emissions from diesel engines are an environ 
mental problem. Several countries, including the United 
States, have long had regulations pending that Will limit NOx 
emissions from trucks and other diesel-poWered vehicles. 
Manufacturers and researchers have put considerable effort 
toWard meeting those regulations. 

[0003] In gasoline poWered vehicles that use stoichiomet 
ric fuel-air mixtures, three-Way catalysts have been shoWn to 
control NOx emissions. In diesel-poWered vehicles, Which 
use compression ignition, the exhaust is generally too oxy 
gen-rich for three-Way catalysts to be effective. 

[0004] Several solutions have been proposed for control 
ling NOx emissions from diesel-poWered vehicles. One set 
of approaches focuses on the engine. Techniques such as 
exhaust gas recirculation and partially homogenizing fuel 
air mixtures are helpful, but these techniques alone Will not 
eliminate NOx emissions. Another set of approaches remove 
NOx from the vehicle exhaust. These include the use of 
lean-burn NOX catalysts, selective catalytic reduction (SCR), 
and lean NOx traps (LNTs). 

[0005] Lean-bum NOx catalysts promote the reduction of 
NOx under oxygen-rich conditions. Reduction of NOx in an 
oxidiZing atmosphere is dif?cult. It has proven challenging 
to ?nd a lean-burn NOx catalyst that has the required 
activity, durability, and operating temperature range. Lean 
bum NOX catalysts also tend to be hydrothermally unstable. 
Anoticeable loss of activity occurs after relatively little use. 
Lean-bum NOx catalysts typically employ a Zeolite Wash 
coat, Which is thought to provide a reducing microenviron 
ment. The introduction of a reductant, such as diesel fuel, 
into the exhaust is generally required and introduces a fuel 
economy penalty of 3% or more. Currently, peak NOx 
conversion ef?ciencies for lean-burn NOx catalysts are 
unacceptably loW. 

[0006] SCR generally refers to selective catalytic reduc 
tion of NOx by ammonia. The reaction takes place even in 
an oxidiZing environment. The NOx can be temporarily 
stored in an absorbent or ammonia can be fed continuously 
into the exhaust. SCR can achieve high levels of NOx 
reduction, but there is a disadvantage in the lack of infra 
structure for distributing ammonia or a suitable precursor. 
Another concern relates to the possible release of ammonia 
into the environment. 

[0007] LNTs are devices that adsorb NOx under lean 
exhaust conditions and reduce and release the adsorbed NOx 
under rich condition. A LNT generally includes a NOx 
absorbent and a catalyst. The absorbent is typically an 
alkaline earth oxide absorbent, such as BaCO3 and the 
catalyst is typically a precious metal, such as Pt or Ru. In 
lean exhaust, the catalyst speeds oxidiZing reactions that 
lead to NOx adsorption. In a reducing environment, the 
catalyst activates reactions by Which adsorbed NOx is 
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reduced and desorbed. In a typical operating protocol, a 
reducing environment Will be created Within the exhaust 
from time-to-time to regenerate (denitrate) the LNT. 

[0008] A LNT can produce ammonia during denitration. 
Accordingly, it has been proposed to combine a LNT and an 
ammonia SCR catalyst into one system. Ammonia produced 
by the LNT during regeneration is captured by the SCR 
catalyst for subsequent use in reducing NOx, thereby 
improving conversion ef?ciency over a stand-alone LNT 
With no increase in fuel penalty or precious metal usage. 
US. Pat. No. 6,732,507 describes such a system. US. Pat. 
Pub. No. 2004/0076565 describes such systems Wherein 
both components are contained Within a single shell or 
disbursed over one substrate. WO 2004/090296 describes 
such a system Wherein there is an inline reformer upstream 
of the LNT and the SCR catalyst. 

[0009] Creating a reducing environment for LNT regen 
eration involves eliminating most of the oxygen from the 
exhaust and providing a reducing agent. Except Where the 
engine can be run stoichiometric or rich, a portion of the 
reductant reacts Within the exhaust to consume oxygen. The 
amount of oxygen to be removed by reaction With reductant 
can be reduced in various Ways. If the engine is equipped 
With an intake air throttle, the throttle can be used. The 
transmission gear ratio can be changed to shift the engine to 
an operating point that produces equal poWer but contains 
less oxygen. HoWever, at least in the case of a diesel engine, 
it is generally necessary to eliminate some of the oxygen in 
the exhaust by combustion or reforming reactions With 
reductant that is injected into the exhaust. 

[0010] Reductant can be injected into the exhaust by the 
engine or a separate fuel injection device. For example, the 
engine can inject extra fuel into the exhaust Within one or 
more cylinders prior to expelling the exhaust. Alternatively, 
or in addition, reductant can be injected into the exhaust 
doWnstream of the engine. 

[0011] The reactions betWeen reductant and oxygen can 
take place in the LNT, although it is generally preferred for 
the reactions to occur in a catalyst upstream of the LNT, 
Whereby the heat of reaction does not cause large tempera 
ture increase Within the LNT at every regeneration. 

[0012] In addition to accumulating NOx, LNTs accumu 
late SOx. SOx is the combustion product of sulfur present in 
ordinarily fuel. Even With reduced sulfur fuels, the amount 
of SOx produced by combustion is signi?cant. SOx adsorbs 
more strongly than NOx and necessitates a more stringent, 
though less frequent, regeneration. Desulfation requires 
elevated temperatures as Well as a reducing atmosphere. The 
temperature of the exhaust can be elevated by engine 
measures, particularly in the case of a lean-burn gasoline 
engine, hoWever, at least in the case of a diesel engine, it is 
often necessary to provide additional heat. Typically, this 
heat is provided through the same types of reactions as used 
to remove excess oxygen from the exhaust. The temperature 
of the LNT is generally controlled during desulfation, as the 
temperatures required for desulfation are generally close to 
those at Which the LNT catalyst undergoes thermal deacti 
vation. 

[0013] US. Pat. No. 6,832,473 describes a system Wherein 
the reductant is reformate produced outside the exhaust 
stream and injected into the exhaust as needed. During 
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desulfations, the refor'mate is injected upstream of an oxi 
dation catalyst. Heat generated by combustion of the refor 
mate over the oxidation catalyst is carried by the exhaust to 
the LNT and raises the LNT to desulfations temperatures. 

[0014] US. Pat. Pub. No. 2003/0101713 describes an 
exhaust treatment system With a fuel reformer placed in the 
exhaust line upstream of a LNT. The reformer includes both 
oxidation and reforming catalysts. The reformer both 
removes excess oxygen and converts the diesel fuel reduc 
tant into more reactive reformate. For desulfations, heat 
produced by the reformer is used to raise the LNT to 
desulfations temperatures. 

[0015] US. Pat. Pub. No. 2003/0101713 describes a case 
in Which endothermic reactions dominate and the reformer 
tends to cool When hydrocarbons are injected at a rate that 
produces a desired concentration of reformate. BetWeen 
pulses that produce reformate, fuel is injected at a reduced 
rate Whereby exothermic reactions dominate and the 
reformer heats. 

[0016] In spite of advances, there continues to be a long 
felt need for an affordable and reliable exhaust treatment 
system that is durable, has a manageable operating cost 
(including fuel penalty), and is practical for reducing NOx 
emissions from diesel engines to a satisfactory extent in the 
sense of meeting US. Environmental Protection Agency 
(EPA) regulations effective in 2010 and other such regula 
tions. 

SUMMARY 

[0017] One of the inventor’s concepts relates to a method 
of controlling fuel reforming Within an internal combustion 
engine exhaust line. Arefor'mer is supplied With fuel injected 
into the exhaust upstream of the reformer. The fuel injec 
tions are controlled using a predicted temperature that is a 
temperature that Would occur at some point in the future if 
predetermined assumptions are met. In general, the pre 
dicted temperature is based in part on a temperature mea 
surement. In a preferred embodiment, the prediction is made 
using a model that includes terms for hydrocarbon storage 
and subsequent reaction Within the reformer. The method 
improves reformer temperature control, particularly over 
periods Where the fuel supply to the reformer is pulsed. 

[0018] A further concept relates to a method of controlling 
a temperature of a fuel reformer. The method comprises 
using a model to predict a temperature associated With the 
reformer and using the predicted temperature in a tempera 
ture control algorithm. According to the concept, the tem 
perature prediction is made taking into account the effects of 
hydrocarbon storage and subsequent reaction, Which can 
result in heating of the reformer folloWing the termination of 
fuel injection. 

[0019] A closely related concept is a method of controlling 
the temperature of a fuel reformer comprising predicting a 
future reformer temperature. The predicted future tempera 
ture is used in a feedback control loop. The predictions take 
into account the effects of hydrocarbon storage and subse 
quent reaction. 

[0020] A further concept relates to a method of reforming 
Within an internal combustion engine exhaust line. Hydro 
carbons are injected into the exhaust line upstream of a 
reformer. The amount of hydrocarbon adsorbed in the 
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reformer is estimated and the reformer temperature is con 
trolled based in part on that estimate. 

[0021] The primary purpose of this summary has been to 
present certain of the inventors’ concepts in a simpli?ed 
form to facilitate understanding of the more detailed descrip 
tion that folloWs. This summary is not a comprehensive 
description of every one of the inventor’s concepts or every 
combination of the inventor’s concepts that can be consid 
ered “invention”. Other concepts of the inventor Will be 
conveyed to one of ordinary skill in the art by the folloWing 
detailed description together With the draWings. The specif 
ics disclosed herein may be generaliZed, narroWed, and 
combined in various Ways With the ultimate statement of 
What the inventor claim as his invention being reserved for 
the claims that folloW. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0022] FIG. 1 is a schematic illustration of an exemplary 
exhaust treatment system to Which the inventor’s concepts 
can be applied. 

[0023] FIG. 2 is a schematic illustration of another exem 
plary exhaust treatment system to Which the inventor’s 
concepts can be applied. 

[0024] FIG. 3 is a How chart of a computational procedure 
conceived by the inventor. 

[0025] FIG. 4 is a schematic illustration of control archi 
tecture in Which some of the inventor’s concepts can be 
applied. 

[0026] FIG. 5 is a How chart of a desulfation method in 
Which some of the inventor’s concepts can be applied. 

DETAILED DESCRIPTION 

[0027] FIG. 1 provides a schematic illustration of an 
exemplary poWer generation system 5 in Which various 
concepts of the inventor can be implemented. The system 5 
comprises an engine 9, a transmission 8, and an exhaust 
after‘treatment system 7. The exhaust after‘treatment system 
7 includes a controller 10, a fuel injector 11, a lean NOx 
catalyst 15, a reformer 12, a lean NOx-trap (LNT) 13, an 
ammonia-SCR catalyst 14, a diesel particulate ?lter (DPF) 
16, and a clean-up catalyst 17. The controller 10 receives 
data from several sources; including temperature sensors 20 
and 21 and NOx sensors 22 and 23. The controller 10 may 
be an engine control unit (ECU) that also controls the 
transmission 8 and the exhaust aftertreatment system 7 or 
may include several control units that collectively perform 
these functions. 

[0028] The exhaust from the engine 9 generally contains 
products of lean combustion including NOx, particulates, 
and some oxygen (typically 5-l5%). The lean-NOx catalyst 
15 removes a portion of the NOx from the exhaust using 
reductants, typically hydrocarbons that form part of the 
exhaust or hydrocarbon that have been stored by the lean 
NOx catalyst 15. The DPF 16 removes particulates. During 
lean operation (a lean phase), the LNT 13 adsorbs a second 
portion of the NOx. The ammonia-SCR catalyst 14 may 
have ammonia stored from a previous regeneration of the 
LNT 13 (a rich phase). If the ammonia-SCR catalyst 14 
contains stored ammonia, it removes a third portion of the 
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NOx from the lean exhaust. The clean-up catalyst 17 may 
serve to oxidize CO and unburned hydrocarbons. 

[0029] FIG. 2 provides another exemplary system 25 in 
Which various concepts of the inventor can be implemented. 
The system 25 contains many of the same components as the 
system 5, although it does not include the lean NOx catalyst 
15 or the cleanup oxidation catalyst 17. Another difference 
is that in the system 25 the DPP 16 is placed betWeen the 
reformer 12 and the LNT 13. In this con?guration, the DPP 
16 may serve to protect the LNT 13 from high temperatures 
during denitrations by providing a thermal buffer betWeen 
the reformer 12 and the LNT 13. Reducing the number 
and/ or magnitude of temperature excursions experienced by 
the LNT 13 may extend its life. 

[0030] From time-to-time, the LNT 13 must be regener 
ated to remove accumulated NOx (denitrated). Denitration 
may involve ?rst heating the reformer 12 to an operational 
temperature by injecting fuel at a sub-stoichiometric rate 
With respect to the oxygen in the exhaust Whereby the 
injected fuel reacts in the reformer 12 in an excess of 
oxygen. An operational temperature for the reformer 12 
depends on the reformer design. Once the reformer 12 is 
su?iciently heated, denitration may proceed by injecting fuel 
at a super-stoichiometric rate Whereby the reformer 12 
consumes most of the oxygen in the exhaust While produc 
ing reformate. Reformate thus produced reduces NOx 
adsorbed in the LNT 13. Some of this NOx is reduced to 
NH3, most of Which is captured by the ammonia-SCR 
catalyst 14 and used to reduce NOx during a subsequent lean 
phase. The clean-up catalyst 17 oxidiZes unused reductants 
and unadsorbed NH3 using stored oxygen or residual oxygen 
remaining in the exhaust during the rich phases. During 
regeneration, the lean-NOx catalyst 15 may store reductant 
for later use. 

[0031] From time-to-time, the LNT 13 must also be regen 
erated to remove accumulated sulfur compounds (des 
ulfated). Desulfation may involve heating the reformer 12 to 
an operational temperature, heating the LNT 13 to a des 
ulfating temperature, and providing the heated LNT 13 With 
a reducing atmosphere. Desulfating temperatures vary, but 
are typically in the range from about 500 to about 800° C., 
more typically in the range from about 650 to about 750° C. 
BeloW a minimum temperature, desulfation is very sloW. 
Above a maximum temperature, the LNT 13 may be dam 
aged. 

[0032] During these operations, the temperature of the 
reformer 12 is affected by several factors. These factors may 
include, for example, exothermic reactions by Which oxygen 
is consumed, endothermic reactions by Which reformate is 
produced, convective heat transfer into the reformer 12 by 
the exhaust feeding the reformer 12, convective heat transfer 
out of the reformer 12 by exhaust exiting the reformer 12, 
and the thermal mass of the reformer 12. 

[0033] In certain modes of operation, the balance of these 
factors has a tendency to overheat the reformer 12. For 
example, during desulfation only a small amount of refor 
mate production may be desired and the heat released by 
exothermic reactions that remove excess oxygen from the 
exhaust may be far in excess of the heat taken up by 
endothermic reforming reactions and the heat taken up by 
the exhaust passing through the reformer 12. Also, during 
periods of high exhaust oxygen concentration, the charac 
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teristics of the reformer 12 may be such that the reformer 12 
cannot be operated e?iciently, or not at all, at the high 
fueling rates required for auto-thermal reforming. In either 
of these cases Where the reformer 12 has a tendency to 
overheat, periods of fuel injection may need to be limited. In 
betWeen periods of fuel injection, the reformer 12 Will cool. 
Once the reformer 12 has cooled to a su?icient degree, fuel 
injection can be resumed. This results in pulsed operation. 

[0034] When the reformer 12 is on the verge of overheat 
ing, it may be possible to cool the reformer 12 by increasing 
the fuel injection rate. Increasing the fuel injection rate Will 
sometimes cool the reformer 12 by increasing the ratio of 
endothermic to exothermic reactions. Such an operation is 
Within the scope of the inventor’s concepts; hoWever, in 
some situations increasing the fuel injection rate may be 
undesirable or ineffective. For example, increasing the fuel 
injection rate may be undesirable if it produces more refor 
mate than can be effectively used by the exhaust aftertreat 
ment system; increasing the fuel injection rate may be 
undesirable if it Would push the reformer 12 into a regime 
Where it does not operate effectively; and increasing the fuel 
injection rate may be undesirable if it ultimately increases 
the likelihood of overheating due to the hydrocarbon adsorp 
tion phenomena discussed herein. Therefore, it is generally 
preferred that fuel injection be discontinued When the 
reformer 12 is almost at a point Where it Will overheat. 

[0035] In order to determine When overheating is immi 
nent, the inventor contemplates using a model that takes into 
account hydrocarbon storage. A preferred model comprises 
a thermal model, Which is a model based in part on an energy 
conservation equation. A thermal model can be Zero, one, 
tWo, or three-dimensional, although a Zero-dimensional 
lumped parameter model Will generally su?‘ice. 

[0036] A lumped parameter model generally includes at 
least a term for heat convection into the model system, a 
term for heat convection out of the model system, a term for 
heat taken up by the reformer 12, and a term for heat 
generated by chemical reaction. Heat losses to the surround 
ing can also be considered, but generally have a small effect. 

[0037] Preferably, the model tracks hydrocarbon storage 
Within the reformer 12 and eventual reaction of a portion of 
that stored hydrocarbon in the reformer 12. In one embodi 
ment, hydrocarbon storage takes place When the reformer 12 
is supplied With a rich feed and reaction of previously stored 
hydrocarbon takes place When the reformer 12 is supplied 
With a lean feed. By modeling hydrocarbon storage during 
rich phases and subsequent reaction of a portion of that 
hydrocarbon during lean phases, the model predicts avail 
ability Within the reformer 12 of a portion of the injected fuel 
in periods betWeen temporally adjacent fuel pulses. Tempo 
rally adjacent pulses are tWo periods of continuous fuel 
injection separated in time by one period during Which no 
fuel is injected. 

[0038] The heat convection rate into the reformer 12 is the 
production of the exhaust speci?c heat, the exhaust tem 
perature, and the exhaust mass ?oW rate. The exhaust mass 
?oW rate can be measured or estimated, for example using 
an intake air ?oW rate measurements, an engine fuel ?oW 
rate measurement, or simply With data available from the 
engine control unit (ECU). The temperature of the exhaust 
entering the reformer 12 can be measured or determined 
from the operating point of the engine 9, for example. 
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[0039] The heat convection rate out of the reformer 12 
depends on the temperature of the exhaust leaving the 
reformer 12. That temperature can be measured. Where the 
temperature of the reformer 12 is measured, the reformer 
exhaust gas temperature can be approximated as equal to the 
reformer temperature. 

[0040] The chemical reactions in the fuel reformer 12 can 
be modeled as a combination of the three following reac 
tions: 

0.684 CH1_85+O2—>0.684 CO2+0.632 H20 (1) 

0.316 CH1_85+0.316 H2O—>0.316 CO+0.608 H2 (2) 

0.316 co+0.316 H2O—>0.316 CO2+0.316 H2 (3) 

Wherein CHL85 represents an exemplary reductant, such as 
a diesel fuel, With a 1.85 ratio betWeen carbon and hydrogen. 
Reaction (1) is exothermic complete combustion by Which 
oxygen is consumed. Reaction (2) is endothermic steam 
reforming, Which results in reformate production. Reaction 
(3) is the Water-gas shift reaction. 

[0041] In a preferred embodiment, Reaction (1) is 
assumed to proceed at a rate and to an extent dependent on 
temperature, oxygen availability When fuel is in excess, fuel 
availability When oxygen is in excess, but independently of 
Reaction (2). The oxygen availability depends at least on the 
oxygen ?oW rate into the reformer 12. If the reformer 12 has 
a signi?cant oxygen storage capacity, then it may be desir 
able to includes terms for the rates of oxygen adsorption and 
desorption. The oxygen concentration of the exhaust ?oWing 
into the reformer 12 can also be measured or estimated using 
data available from the ECU. While a signi?cant tempera 
ture gradient generally exists Within the reformer 12, the 
purposes of the invention can generally be achieved using a 
single average temperature for the reformer 12. 

[0042] In the preferred embodiment, Reaction (2) is con 
sidered to proceed to an extent dependent on the availability 
of fuel after the effect of Reaction (1). Reaction (3) is 
considered third, and has the least impact on a thermal 
model. Reaction kinetics, adsorption rates, and desorption 
rates depend on reactor geometry and composition and are 
best determined experimentally for a particular system. 

[0043] FIG. 3 is a How chart of an exemplary computa 
tional procedure 50 for modeling the temperature of the 
reformer 12. This procedure is implemented in ?nite time 
steps. TWo instances of the procedure may be used at one 
time. The ?rst instance may track the actual process. The 
second instance may be used to look forWard in time and 
make predictions to determine hoW much the temperature 
could increase if fuel injection Were to cease and excess 
oxygen Were to become available. 

[0044] At the start of procedure 50, certain values are 
initialiZed. These typically include the amount of stored 
hydrocarbon and the reformer temperature. After initialiZa 
tion, the process begins With operation 51. 

[0045] Operation 51 accounts for Reaction (1). The reac 
tion is treated as proceeding to the fullest extent of the 
available reagents, the extent therefore being determined by 
the limiting reagent, Whether that be fuel or oxygen. An 
amount of heat is added to the reformer 12 based on the 
extent of Reaction (1) and the siZe of the time step. The 
amounts of fuel and oxygen for purposes of the folloWing 
steps are reduced in accordance With the extent of Reaction 

(1). 
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[0046] Operation 52 accounts for Reaction (2). Reaction 
(2) is assumed not to proceed at all if there is excess oxygen 
and all the fuel is considered to have been consumed by 
Reaction (1). Where there is fuel remaining after Reaction 
(1), then Reaction (2) proceeds to some extent. Unlike 
Reaction (1), the inventor has found that Reaction (2) should 
not be assumed to proceed to the extent of available 
reagents. Rather, Reaction (2) is preferably modeled With a 
limited ef?ciency. Typical ef?ciencies may be from about 
0.35 to about 0.7 based on the stoichiometry, With values in 
the range from about 0.45 to about 0.55 having been used in 
the inventor’s Work. It is recogniZed, hoWever, that the best 
values to use Will depend on the particular reformer to Which 
the model is applied and the system in Which the reformer 
is used. Moreover, the e?iciency depends on factors includ 
ing, Without limitation, the reactor temperature and the 
exhaust ?oW rate, although the inventor does not consider it 
generally necessary to take these factors into account. Heat 
is removed from the reformer 12 in accordance With the 
extent of Reaction (2). 

[0047] Operation 53 accounts for Reaction (3). In the 
preferred embodiment, Reaction (3) is assumed to proceed 
to equilibrium based on the exhaust composition folloWing 
accounting for Reactions (1) and (2). Heat is added to the 
reformer 12 in accordance With the extent of Reaction (3). 

[0048] Operation 54 determines Whether there is excess 
oxygen folloWing Reactions (l)-(3). In general, there Will be 
excess oxygen if the reformer is supplied With fuel at beloW 
the stoichiometric rate With respect to the exhaust and there 
Will not be excess oxygen if the fuel is supplied at a 
stoichiometric or higher rate. If there is excess oxygen, the 
process 50 proceeds With Operation 55. If there is not, the 
process 50 proceeds With Operation 58. 

[0049] Taking the case of excess oxygen, Operation 55 
accounts for the release of stored fuel. The release rate may 
be assumed to be a stoichiometric rate in proportion to the 
excess oxygen as long as stored fuel is available. Other 
assumptions may also be used, although the stoichiometric 
rate assumption is preferred. 

[0050] Operation 56 accounts for the heat released by 
reaction of the released fuel. The extent of reaction may be 
assumed to be stoichiometric With respect to the amount of 
excess oxygen. The term release is used in a broad sense: the 
fuel may react Without physically moving from its stored 
location. Operation 57 is a place-holder to account for slip 
of released fuel. In the inventor’s preferred embodiment, 
there is no fuel slip under conditions of excess oxygen. 

[0051] Taking the case of excess fuel, Operation 58 deter 
mines the amount of the excess fuel that is stored. In one 
model, the fuel storage amount is a fraction of the fuel that 
is in liquid form. For example, it may be assumed that about 
90% of the excess fuel is in liquid form and that about 45% 
of this liquid fuel becomes stored on the surfaces of the 
reformer 12. It should be understood that the inventor’s 
concepts have a largely empirical basis and are independent 
of the actual mechanism of fuel storage. The actual mecha 
nism may be, for example, physical absorption or chemical 
adsorption. Whatever the actual mechanism, the inventor 
has found it can be suf?cient to assume that the fuel storage 
rate is a ?xed fraction of excess fuel ?oW rate. The remain 
ing portion of the excess fuel that is not stored in the 
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reformer 12 is considered to slip from the reformer 12 and 
is tracked in Operation 59 for use in the management of 
doWnstream devices. 

[0052] Operation 60 adds or removes heat from the 
reformer 12 based on convective heat transfer: the net heat 
added to or taken up by the exhaust passing through the 
reformer 12. Operation 61 advances a clock in preparation 
for the next iteration of the process 50. If the process 50 is 
being applied to determine a peak predicted temperature of 
the reformer 12, the iterations may cease When the amount 
of stored fuel in the reformer 12 is reduced to Zero or When 
the temperature of the reformer 12 begins to decline. 

[0053] FIG. 4 provides a schematic of an exemplary 
control architecture 100 that can be used to control both the 
temperature of the reformer 12 and the temperature of the 
LNT 13. The control architecture 100 includes inner and 
outer loop controls and uses a model of the reformer 12 that 
tracks hydrocarbon storage and subsequent release. 

[0054] The LNT temperature controller 102 is activated by 
a desulfation scheduler/controller 101 that applies any 
appropriate criteria to determine When to initiate a desulfa 
tion process. The LNT temperature controller 102 considers 
a LNT temperature provided by a state estimator 103. It is 
preferred to use an observer or state estimator to determine 
the LNT temperature, because the LNT temperature 
responds comparatively sloWly to controllable parameters. If 
some form of prediction is not used, there is a risk of the 
LNT temperature exceeding an intended limit. An extrapo 
lation based on the current measured temperature, its rate of 
change, and an estimate of the temperature measurement 
delay is generally suf?cient. HoWever, a model of the LNT 
13 can be used. Such a model preferably takes into account 
reactions of hydrocarbons slipping from the reformer 12. 
These hydrocarbons can react With residual oxygen in the 
exhaust or With oxygen stored in the LNT 13. When there is 
no oxygen in the exhaust, some hydrocarbons may become 
stored in the LNT 13 and subsequently react When oxygen 
becomes available. These processes can be modeled as they 
are for the reformer 12. 

[0055] The output of the LNT temperature controller 102 
is instructions for the reformer controller 106. The instruc 
tions may simply be instructions for the reformer 12 to 
sWitch betWeen active and inactive modes. During the active 
mode, the reformer 12 is heated to a temperature suitable for 
reformate production and controlled to produce reformate 
subject to not overheating the reformer 12. During an 
inactive mode, the reformer 12 is generally “o?”, meaning 
there is no reductant injection and the reformer 12 is alloWed 
to cool freely. 

[0056] When the reformer 12 is to be active, the reformer 
controller 106 regulates the reformer temperature at least by 
issuing commands to the injection controller 107. The 
injection in?uences the state of the reformer 12, Which is 
illustrated by block 108 in the exemplary control architec 
ture. A state includes all properties of the reformer, including 
its temperature, the composition of the exhaust entering it, 
and the composition of the exhaust leaving it. The tempera 
ture portion of the reformer state 108 is estimated by the 
reformer temperature estimator 105, and used to provide 
feedback for the reformer temperature controller 106. 
Accordingly, steps 105-108 comprise the inner loop of the 
control process 100. 
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[0057] The reformer state 108 in?uences the LNT state 
109. The temperature portion of the LNT state 109 is 
temperature estimated by the LNT temperature state esti 
mator 103 to provide a temperature estimate that is used by 
the LNT temperature control 102 in an outer control loop. 

[0058] FIG. 5 illustrates a desulfation control process 200 
consistent With the control architecture 100. The process 200 
begins With operation 201, determining Whether desulfation 
is required. The determination may be made in any suitable 
fashion. For example, desulfation may be scheduled peri 
odically, e.g., after every 30 hours of operation. Altema 
tively, the need for desulfation can be determined based on 
system performance, e.g., based on the activity of the LNT 
13 folloWing an extensive denitration or based on the 
frequency With Which denitration is required having 
increased to an excessive degree. 

[0059] The desulfation process begins With operation 202, 
Warming the reformer 12. The reformer 12 can be heated in 
any suitable fashion. In this example, the reformer 12 is 
heated by injecting fuel at a rate that keeps the exhaust at or 
beloW a stoichiometric fuel to oxygen ratio. Substantially all 
the fuel thereby combusts in the reformer 12 to produce heat 
With essentially no reformate production. 

[0060] The LNT 13 heats While the reformer 12 is heating, 
hoWever, after the reformer 12 is fully heated, the LNT 13 
may still require further heating. If necessary, at or beloW 
stoichiometric operation may be extended to adequately heat 
the LNT 13. In one example, the LNT 13 is heated to a 
temperature of at least about 4500 C. prior to commencing 
rich operation. 

[0061] Once the Warm-up phase is complete, operation 
203 begins. The fuel injection rate at this stage may be 
controlled to give a targeted reformate production rate. 
Where the controller 10 can throttle the engine air intake or 
select the transmission gear ratio, these control parameters 
can be selected to facilitate the e?icient production and/or 
usage of the reformate. 

[0062] Operation 204 determines Whether the reformer 12 
is overheating. Preferably, this determination is made on the 
basis of a predicted temperature Wherein a predicted tem 
perature is a temperature that Will or could occur at a future 
time. In other Words, a predicted temperature is a tempera 
ture that Would occur at some point in the future if prede 
termined assumptions are met. Predetermined means that the 
assumptions are made ?rst and the temperature predicted 
second, based on the assumptions. As used herein, the term 
prediction does not include an estimate of a current tem 
perature based on past information, Which Will be referred to 
herein as an estimate to avoid confusion. Also, the term 
“predicted future temperature” may be used to explicitly 
distinguish an estimate of a current temperature. The main 
purpose of using a prediction herein is to account for the 
effect of hydrocarbon storage and subsequent reaction. The 
prediction is therefore preferably made on the basis of a 
model that takes into account this phenomenon. 

[0063] A prediction of the type described herein is typi 
cally made using a measured temperature and a predicted or 
possible temperature increase. A possible temperature 
increase could be made on the basis of the assumption that 
the fuel dosing Will stop in the next instant and thereafter an 
excess of oxygen Will become available for combustion of 
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stored hydrocarbons. The model may look ahead over some 
?nite interval of time to determine the value at Which the 
temperature Will peak. 

[0064] Some of the inventor’s concepts can be imple 
mented Without attempting to accurately predict a tempera 
ture. For example, a temperature at Which the reformer 12 is 
determined to be on the verge of overheating can be set as 
a function that decreases With increasing hydrocarbon stor 
age amount. As a more speci?c example, it can be assumed 
that the reformer 12 Will heat after fuel cut-off by an amount 
that is proportional the amount of stored fuel. The amount of 
heating can be used as the amount by Which the limit 
temperature is reduced. 

[0065] Another approach contemplated by the inventor is 
to make an effective prediction through the mechanics by 
Which a temperature estimate is formed. For example, one 
method of forming a temperature estimate is Kalman ?lter 
ing. In Kalman ?ltering, a temperature estimate is made on 
the basis of a blended average of a measured temperature 
and a model-based estimate of the current temperature based 
on a past system state. The Kalman ?lter estimate can be 
converted to a prediction by using arti?cial values to form 
the model-based estimate Whereby the model-based estimate 
is no longer intended to accurately estimate a current tem 
perature. For example, the Kalman ?lter can be given 
accelerated dynamics. Accelerating the dynamics typically 
involves reducing a term re?ecting the heat capacity of the 
reformer. The model prediction may also depart from an 
approximation of actual conditions by assuming the pres 
ence of excess oxygen not thought to be present under 
current conditions. 

[0066] When the reformer 12 is on the verge of overheat 
ing, operation 205 shuts off the fuel injection. In operation 
206, the process 200 Waits While the reformer 12 cools. The 
length of the Waiting period can be determined in any 
suitable fashion. In one example, operation 206 lasts until 
the reformer 12 has cooled to a target temperature. In 
another example, there is a ?xed period betWeen each fuel 
pulse. In a further example, the length of the period is 
selected dynamically by the controller as part of a process of 
optimiZing the amount of reformate production per unit fuel 
injected. 

[0067] Operation 207 determines Whether the LNT 13 is 
getting too hot. A temperature prediction is preferably used 
in making this determination as the LNT 13 may heat 
considerably folloWing the termination of fuel injection. If 
the LNT is getting too hot, operation 208 terminates the fuel 
injection. Terminating the fuel injection may comprise issu 
ing instructions to the inner loop control. If the LNT is not 
getting too hot, the process continues With Operation 210, 
Which checks Whether desulfation is complete. Fuel injec 
tion continues in Operation 203 if fuel injection is not 
complete and terminates in Operation 211 if desulfation is 
complete. 

[0068] Operation 209 is another Waiting operation. In one 
example, this comprises Waiting until the LNT 13 has cooled 
to a target temperature. Preferably, hoWever, there is a ?xed 
period betWeen phases of active fuel injection on the longer 
time scale determined by the outer loop controls. 

[0069] Following operation 209, the reformer 12 is heated 
again in operation 202. If the reformer 12 is of the type that 
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must be heated to operate effectively, heating is generally 
necessary folloWing a period of no fuel injection during 
Which the LNT 13 is alloWed to cool. The periods of no fuel 
injection to cool the reformer 12 are generally shorter and 
are normally selected to avoid having to reheat the reformer 
12 to a temperature suitable for producing reformate. After 
the longer periods of no fuel injection to cool the LNT 13, 
the reformer 12 is generally too cool to effectively produce 
reformate Without a heating period. Such a heating period 
generally comprises fuel injection at a sub-stoichiometric 
rate With respect to the exhaust oxygen content. 

[0070] While the engine 9 is preferably a compression 
ignition diesel engine, the various concepts of the invention 
are applicable to poWer generation systems With lean-bum 
gasoline engines or any other type of engine that produces 
an oxygen rich, NOx-containing exhaust. For purposes of 
the present disclosure, NOx consists of NO and NO2. 

[0071] The transmission 8 can be any suitable type of 
automatic transmission. The transmission 8 can be a con 
ventional transmission such as a counter-shaft type mechani 
cal transmission, but is preferably a CVT. A CVT can 
provide a much larger selection of operating points than a 
conventional transmission and generally also provides a 
broader range of torque multipliers. In general, a CVT Will 
also avoid or minimiZe interruptions in poWer transmission 
during shifting. Examples of CVT systems include hydro 
static transmissions; rolling contact traction drives; overrun 
ning clutch designs; electrics; multispeed gear boxes With 
slipping clutches; and V-belt traction drives. A CVT may 
involve poWer splitting and may also include a multi-step 
transmission. 

[0072] A preferred CVT provides a Wide range of torque 
multiplication ratios, reduces the need for shifting in com 
parison to a conventional transmission, and subjects the 
CVT to only a fraction of the peak torque levels produced by 
the engine. This can be achieved using a step-doWn gear set 
to reduce the torque passing through the CVT. Torque from 
the CVT passes through a step-up gear set that restores the 
torque. The CVT is further protected by splitting the torque 
from the engine, and recombining the torque in a planetary 
gear set. The planetary gear set mixes or combines a direct 
torque element transmitted from the engine through a 
stepped automatic transmission With a torque element from 
a CVT, such as a band-type CVT. The combination provides 
an overall CVT in Which only a portion of the torque passes 
through the band-type CVT. 

[0073] The fuel injector 11 can be of any suitable type. 
Preferably, it provides the fuel in an atomiZed or vaporiZed 
spray. The fuel may be injected at the pressure provided by 
a fuel pump for the engine 9. Preferably, hoWever, the fuel 
passes through a pressure intensi?er operating on hydraulic 
principles to at least double the fuel pressure from that 
provided by the fuel pump to provide the fuel at a pressure 
of at least about 4 bar. 

[0074] The lean-NOx catalyst 15 can be either an HC-SCR 
catalyst, a CO-SCR catalyst, or a H2-SCR catalyst. 
Examples of HC-SCR catalysts include transitional metals 
loaded on refractory oxides or exchanged into Zeolites. 
Examples of transition metals include copper, chromium, 
iron, cobalt, nickel, cadmium, silver, gold, iridium, platinum 
and manganese, and mixtures thereof. Exemplary of refrac 
tory oxides include alumina, Zirconia, silica-alumina, and 
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titania. Useful Zeolites include ZSM-5, Y Zeolites, Morden 
ite, and Ferrerite. Preferred Zeolites have Si:Al ratios greater 
than about 5, optionally greater than about 20. Speci?c 
examples of Zeolite-based HC-SCR catalysts include Cu 
ZSM-5, Fe-ZSM-S, and Co-ZSM-5. A CeO2 coating may 
reduce Water and S02 deactivation of these catalysts. 
Cu/ZSM-S is e?cective in the temperature range from about 
300 to about 4500 C. Speci?c examples of refractory oxide 
based catalysts include alumina-supported silver. TWo or 
more catalysts can be combined to extend the effective 
temperature WindoW. 

[0075] Where a hydrocarbon-storing function is desired, 
Zeolites can be effective. US. Pat. No. 6,202,407 describes 
HC-SCR catalysts that have a hydrocarbon storing function. 
The catalysts are amphoteric metal oxides. The metal oxides 
are amphoteric in the sense of shoWing reactivity With both 
acids and bases. Speci?c examples include gamma-alumina, 
Ga2O3, and ZrO2. Precious metals are optional. Where 
precious metals are used, the less expensive precious metals 
such as Cu, Ni, or Sn can be used instead of Pt, Pd, or Rh. 

[0076] In the present disclosure, the term hydrocarbon is 
inclusive of all species consisting essentially of hydrogen 
and carbon atoms, hoWever, a HC-SCR catalyst does not 
need to shoW activity With respect to every hydrocarbon 
molecule. For example, some HC-SCR catalysts Will be 
better adapted to utiliZing short-chain hydrocarbons and 
HC-SCR catalysts in general are not expected to shoW 
substantial activity With respect to CH4. 

[0077] Examples of CO-SCR catalysts include precious 
metals on refractory oxide supports. Speci?c examples 
include Rh on a CeOZiZrO2 support and Cu and/or Fe ZrO2 
support. 

[0078] Examples of H2-SCR catalysts also include pre 
cious metals on refractory oxide supports. Speci?c examples 
include Pt supported on mixed LaMnO3, CeO2, and MnO2, 
Pt supported on mixed ZiO2 and TiO2, Ru supported on 
MgO, and Ru supported on A1203. 

[0079] The lean-NOx catalyst 15 can be positioned dif 
ferently from illustrated in FIG. 1. In one embodiment, the 
lean NOx catalyst 15 is upstream of the fuel injector 11. In 
another embodiment the lean NOx catalyst is doWnstream of 
the reformer 12, Whereby the lean NOx catalyst 15 can use 
reformer products as reductants. In a further embodiment, 
the lean NOx catalyst 15 is Well doWnstream of the LNT 13, 
Whereby the lean NOx catalyst 15 can be protected from 
high temperatures associated With desulfating the LNT 13. 

[0080] A fuel reformer is a device that converts heavier 
fuels into lighter compounds Without fully combusting the 
fuel. A fuel reformer can be a catalytic reformer or a plasma 
reformer. Preferably, the reformer 12 is a partial oxidation 
catalytic reformer. A partial oxidation catalytic reformer 
comprises a reformer catalyst. Examples of reformer cata 
lysts include precious metals, such as Pt, Pd, or Ru, and 
oxides of Al, Mg, and Ni, the later group being typically 
combined With one or more of CaO, K20, and a rare earth 
metal such as Ce to increase activity. A reformer is prefer 
ably small in siZe as compared to an oxidation catalyst or a 
three-Way catalyst designed to perform its primary functions 
at temperatures beloW 500° C. A partial oxidation catalytic 
reformer is generally operative at temperatures from about 
600 to about 1100° C. A preferred reformer has a loW 
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thermal mass and a loW catalyst loading as compared to a 
device designed to produce refor'mate at exhaust gas tem 
peratures. 

[0081] The NOx absorber-catalyst 13 can comprise any 
suitable NOx-adsorbing material. Examples of NOx adsorb 
ing materials include oxides, carbonates, and hydroxides of 
alkaline earth metals such as Mg, Ca, Sr, and Be or alkali 
metals such as K or Ce. Further examples of NOx-adsorbing 
materials include molecular sieves, such as Zeolites, alu 
mina, silica, and activated carbon. Still further examples 
include metal phosphates, such as phosphates of titanium 
and Zirconium. Generally, the NOx-adsorbing material is an 
alkaline earth oxide. The absorbent is typically combined 
With a binder and either formed into a self-supporting 
structure or applied as a coating over an inert substrate. 

[0082] The LNT 13 also comprises a catalyst for the 
reduction of NOx in a reducing environment. The catalyst 
can be, for example, one or more precious metals, such as 
Au, Ag, and Cu, group VIII metals, such as Pt, Pd, Ru, Ni, 
and Co, Cr, Mo, or K. Atypical catalyst includes Pt and Rh, 
although it may be desirable to reduce or eliminate the Rh 
to favor the production of NH3 over N2. Precious metal 
catalysts also facilitate the absorbent function of alkaline 
earth oxide absorbers. 

[0083] Absorbents and catalysts according to the present 
invention are generally adapted for use in vehicle exhaust 
systems. Vehicle exhaust systems create restriction on 
Weight, dimensions, and durability. For example, a NOx 
absorbent bed for a vehicle exhaust systems must be rea 
sonably resistant to degradation under the vibrations 
encountered during vehicle operation. 

[0084] An absorbent bed or catalyst brick can have any 
suitable structure. Examples of suitable structures may 
include monoliths, packed beds, and layered screening. A 
packed bed is preferably formed into a cohesive mass by 
sintering the particles or adhering them With a binder. When 
the bed has an absorbent function, preferably any thick 
Walls, large particles, or thick coatings have a macro-porous 
structure facilitating access to micro-pores Where adsorption 
occurs. A macro-porous structure can be developed by 
forming the Walls, particles, or coatings from small particles 
of adsorbant sintered together or held together With a binder. 

[0085] The ammonia-SCR catalyst 14 is a catalyst effec 
tive to catalyZe reactions betWeen NOx and NH3 to reduce 
NOx to N2 in lean exhaust. Examples of SCR catalysts 
include oxides of metals such as Cu, Zn, V, Cr, Al, Ti, Mn, 
Co, Fe, Ni, Pd, Pt, Rh, Rd, Mo, W, and Ce, Zeolites, such as 
ZSM-5 or ZSM-ll, substituted With metal ions such as 
cations of Cu, Co, Ag, Zn, or Pt, and activated carbon. 
Preferably, the ammonia-SCR catalyst 14 is designed to 
tolerate temperatures required to desulfate the LNT 13. 

[0086] The particulate ?lter 16 can have any suitable 
structure. Examples of suitable structures include monolithic 
Wall ?oW ?lters, Which are typically made from ceramics, 
especially cordierite or SiC, blocks of ceramic foams, mono 
lith-like structures of porous sintered metals or metal-foams, 
and Wound, knit, or braided structures of temperature resis 
tant ?bers, such as ceramic or metallic ?bers. Typical pore 
siZes for the ?lter elements are about 10 pm or less. 
Optionally, one or more of the reformer 12, the LNT 13, the 
lean-NOx catalyst 15, or the ammonia-SCR catalyst 14 is 
integrated as a coating or Within the structure of the DPP 16. 
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[0087] The DPF 16 is regenerated to remove accumulated 
soot. The DPF 16 can be of the type that is regenerated 
continuously or intermittently. For intermittent regeneration, 
the DPP 16 is heated, using a reformer 12 for example. The 
DPF 16 is heated to a temperature at Which accumulated soot 
combusts With 02. This temperature can be loWered by 
providing the DPP 16 With a suitable catalyst. After the DPP 
16 is heated, soot is combusted in an oxygen rich environ 
ment. 

[0088] For continuous regeneration, the DPP 16 may be 
provided With a catalyst that promotes combustion of soot 
by both NO2 and 02. Examples of catalysts that promote the 
oxidation of soot by both NO2 and 02 include oxides of Ce, 
Zr, La, Y, and Nd. To completely eliminate the need for 
intermittent regeneration, it may be necessary to provide an 
additional oxidation catalyst to promote the oxidation of NO 
to NO2 and thereby provide suf?cient NO2 to combust soot 
as quickly as it accumulates. Where regeneration is continu 
ous, the DPP 16 is suitably placed upstream of the reformer 
12. Where the DPP 16 is not continuously regenerated, it is 
generally positioned as illustrated doWnstream of the 
reformer 12. An advantage of the position illustrated in FIG. 
2 is that the DPP 16 buffers the temperature betWeen the 
reformer 12 and the LNT 13. 

[0089] The clean-up catalyst 17 is preferably functional to 
oxidiZe unburned hydrocarbons from the engine 9, unused 
reductants, and any H2S released from the NOx absorber 
catalyst 13 and not oxidiZed by the ammonia-SCR catalyst 
15. Any suitable oxidation catalyst can be used. A typical 
oxidation catalyst is a precious metal, such as platinum. To 
alloW the clean-up catalyst 17 to function under rich con 
ditions, the catalyst may include an oxygen-storing compo 
nent, such as ceria. Removal of H28, Where required, may be 
facilitated by one or more additional components such as 

NiO, Fe2O3, MnO2, C00, and CrO2. 
[0090] The invention as delineated by the folloWing 
claims has been shoWn and/or described in terms of certain 
concepts, components, and features. While a particular com 
ponent or feature may have been disclosed herein With 
respect to only one of several concepts or examples or in 
both broad and narroW terms, the components or features in 
their broad or narroW conceptions may be combined With 
one or more other components or features in their broad or 
narroW conceptions Wherein such a combination Would be 
recogniZed as logical by one of ordinary skill in the art. Also, 
this one speci?cation may describe more than one invention 
and the folloWing claims do not necessarily encompass 
every concept, aspect, embodiment, or example described 
herein. 

1. A method of fuel reforming Within an internal com 
bustion engine exhaust line, comprising: 

injecting fuel into the exhaust line upstream of a fuel 
reformer; 

measuring a temperature Within the exhaust line; 

predicting a temperature based in part on the measured 
temperature; and 

controlling the fuel injection using the predicted tempera 
ture; 
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Wherein the predicted temperature is a temperature that 
Would occur at some point in the future if predeter 
mined assumptions are met. 

2. The method of claim 1, Wherein controlling the fuel 
injection using the predicted temperature comprises tempo 
rarily discontinuing the fuel injection if the predicted tem 
perature meets or exceeds a critical value. 

3. The method of claim 1, Wherein injecting fuel into the 
exhaust line upstream of the fuel reformer comprises: 

injecting fuel at rate that produces a sub-stoichiometric 
concentration of fuel in the exhaust line to heat the fuel 
reformer to a temperature suitable for producing refor 
mate; and 

subsequently injecting fuel at a higher rate to produce a 
super-stoichiometric concentration of fuel in the 
exhaust line in order to produce refor'mate. 

4. The method of claim 1, Wherein the temperature 
prediction is based in part on a model. 

5. The method of claim 4, Wherein the fuel is injected in 
pulses and the model predicts the availability Within the 
reformer of a portion of the injected fuel in periods betWeen 
temporally adjacent fuel pulses. 

6. The method of claim 4, Wherein the model takes into 
account fuel storage Within the fuel reformer and subsequent 
reaction of the stored fuel. 

7. The method of claim 4, Wherein the model predicts the 
reformer Will heat in periods folloWing the termination of 
fuel injection due to reactions of previously injected fuel 
Within the reformer. 

8. The method of claim 4, Wherein the model predicts that 
some of the injected fuel Will absorb Within the fuel reformer 
Without immediately reacting, but Will subsequently react. 

9. An exhaust treatment system comprising a controller, 
Wherein the controller implements the method of claim 1. 

10. Avehicle comprising the exhaust treatment system, of 
claim 9. 

11. A method of controlling the temperature of a fuel 
reformer, comprising: 

using a model to predict a temperature associated With the 
reformer; and 

using the predicted temperature in a temperature control 
algorithm; 

Wherein the temperature prediction takes into account 
hydrocarbon storage and subsequent reaction. 

12. The method of claim 11, Wherein the fuel reformer is 
con?gured Within an exhaust line upstream of a lean NOx 
trap. 

13. The method of claim 12, Wherein fuel is injected into 
the exhaust line in pulses during a regeneration of the lean 
NOx trap. 

14. The method of claim 11, Wherein the model predicts 
the reformer temperature using dynamics that are faster than 
the actual dynamics are expected to be. 

15. A method of controlling the temperature of a fuel 
reformer, comprising: 

predicting future reformer temperatures; and 

using the predicted future reformer temperatures in a 
feedback control loop; 

Wherein the predictions take into account hydrocarbon 
storage and subsequent availability for reaction. 
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16. The method of claim 15, wherein the fuel reformer is 
con?gured Within an exhaust line upstream of a lean NOx 
trap. 

17. The method of claim 15, Wherein fuel is injected into 
the exhaust line in pulses during a regeneration of the lean 
NOx trap. 

18. A method of reforming Within an internal combustion 
engine exhaust line, comprising: 

injecting hydrocarbons into the exhaust line upstream of 
a reformer; 

estimating hydrocarbon storage by the reformer; 

controlling the reformer temperature based in part on the 
hydrocarbon storage estimate. 

19. The method of claim 18, Wherein the fuel reformer is 
con?gured Within an exhaust line upstream of a lean NOx 
trap. 

20. The method of claim 18, Wherein fuel is injected into 
the exhaust line in pulses during a regeneration of the lean 
NOx trap. 
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21. The method of claim 18, Wherein the hydrocarbon 
storage estimate is used in a thermal model of the reformer. 

22. The method of claim 21, Wherein the model is applied 
With accelerated dynamics. 

23. The method of claim 18, controlling the reformer 
temperature based in part on the hydrocarbon storage esti 
mate comprises temporarily terminating the hydrocarbon 
injection if the estimated amount of hydrocarbon stored is 
too high. 

24. The method of claim 18, Wherein injecting hydrocar 
bons into the exhaust line upstream of a reformer comprises: 

injecting hydrocarbons at rate that produces a sub-sto 
ichiometric concentration of hydrocarbons in the 
exhaust line to heat the fuel reformer to a temperature 
suitable for producing reformate; and 

subsequently injecting hydrocarbons at a higher rate to 
produce a super-stoichiometric concentration of fuel in 
the exhaust line in order to produce reformate. 

* * * * * 


