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EXHAUST GAS AFTERTREATMENT SYSTEMS 

FIELD OF INVENTION 

0001. The present invention relates to an emission control 
system for diesel and other lean-burn vehicles, and more 
specifically, to achieving optimal NOx conversion efficiency 
while minimizing ammonia slip in a urea-based Selective 
Catalytic Reduction (SCR) catalyst by maintaining an opti 
mum amount of ammonia stored in the catalyst. 

BACKGROUND AND SUMMARY OF THE 
INVENTION 

0002 Current emission control regulations necessitate 
the use of catalysts in the exhaust systems of automotive 
vehicles in order to convert carbon monoxide (CO), hydro 
carbons (HC), and nitrogen oxides (NOx) produced during 
engine operation into unregulated exhaust gasses. Vehicles 
equipped with diesel or other lean burn engines offer the 
benefit of increased fuel economy, however, catalytic reduc 
tion of NOx emissions via conventional means in Such 
systems is difficult due to the high content of oxygen in the 
exhaust gas. 
0003) In this regard, Selective Catalytic Reduction (SCR) 
catalysts, in which NOx is continuously removed through 
active injection of a reductant into the exhaust gas mixture 
entering the catalyst, are known to achieve high NOX 
conversion efficiency. Urea-based SCR catalysts use gas 
eous ammonia as the active NOx reducing agent. Typically, 
an aqueous Solution of urea is carried on board of a vehicle, 
and an injection system is used to Supply it into the exhaust 
gas stream entering the SCR catalyst where it decomposes 
into gaseous ammonia (NH) and is stored in the catalyst. 
The stored ammonia reacts with the NOx in the engine 
exhaust gas. In Such systems, urea injection levels have to be 
very precisely monitored and controlled. Under-injection of 
urea may result in sub-optimal NOx conversion, while 
over-injection may cause tailpipe ammonia slip. Therefore, 
it is important to have accurate information on the amount 
of ammonia stored in the catalyst, as well as to maintain an 
optimal amount of ammonia stored. 
0004. A typical prior art system uses multiple compli 
cated calibration maps to estimate ammonia Storage amounts 
in the catalyst. However, such systems are inherently inac 
curate and require a large amount of system memory. 
Alternatively, a downstream ammonia sensor may be used to 
monitor slip. However, a disadvantage of Such system is that 
ammonia sensor technology is not mature yet. Further, once 
slip is detected, only a corrective action of reducing reduc 
tant injection can be taken, which does not guarantee expe 
dient elimination of slip. 
0005 The inventors of the present invention have recog 
nized that while NOx conversion efficiency of an SCR 
catalyst is improved in the presence of adsorbed ammonia, 
it is not necessary that all of the catalyst storage capacity be 
utilized by ammonia in order to achieve optimal NOx 
conversion efficiency. Additionally, they have recognized 
that a NOx sensor coupled downstream of the SCR catalyst 
is sensitive to both NOx and ammonia present in the exhaust 
gas. Therefore by periodically desorbing a small portion of 
ammonia from the catalyst, and monitoring the correspond 
ing increase in the NOx sensor signal, it is possible to 
determine the total amount of ammonia stored in the cata 
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lyst. This method can be performed periodically to prevent 
ammonia slip due to excessive reductant injection, via 
optimal reductant injection during vehicle drive cycle. 
0006. In accordance with the present invention, a method 
for estimating an amount of reductant stored in an exhaust 
gas aftertreatment device coupled downstream of an internal 
combustion engine includes: adjusting an operating condi 
tion to desorb a portion of reductant stored in the device; and 
adjusting an amount of reductant injected into the device 
based on a response of the sensor to said desorbed reductant 
portion. 

0007. In one embodiment of the present invention, the 
method is used to estimate an amount of ammonia stored in 
an SCR catalyst. The operating condition is a catalyst 
temperature. The sensor responding to desorbed ammonia is 
a NOx sensor. 

0008. In yet another embodiment of the present inven 
tion, the aftertreatment system for an internal combustion 
engine exhaust gas, includes: an SCR catalyst; a NOx sensor 
coupled downstream of said SCR catalyst; and a controller 
adjusting an operating condition to desorb a portion of 
reductant from said SCR catalyst when NOx conversion 
efficiency of said SCR catalyst is below a predetermined 
value, said controller monitoring a NOx sensor signal to 
determine an amount of reductant desorbed, and controlling 
reductant injection into said SCR catalyst based on said 
monitored NOx sensor signal. 
0009. An advantage of the present invention is that 
ammonia slip can be minimized by performing ammonia 
storage estimates under known operating conditions by 
releasing only an insignificant amount of ammonia. Another 
advantage of the present invention is that an accurate 
estimate of the amount of ammonia stored in the SCR 
catalyst is obtained. Therefore, improved NOx conversion 
efficiency can be achieved by maintaining an optimum 
ammonia storage amounts in the SCR catalyst. Yet another 
advantage of the present invention is that cost savings can be 
achieved by eliminating the need for an ammonia sensor 
downstream of the SCR catalyst. Additionally, since the 
downstream NOx sensor is cross sensitive to ammonia, 
minimizing the ammonia slip improves the accuracy of the 
NOX sensor readings, and thus improves overall system 
NOx conversion efficiency. 
0010. The above advantages and other advantages, and 
features of the present invention will be readily apparent 
from the following detailed description of the preferred 
embodiments when taken in connection with the accompa 
nying drawings, and from the claims. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0011. The objects and advantages described herein will 
be more fully understood by reading an example of an 
embodiment in which the invention is used to advantage, 
referred to herein as the Description of Preferred Embodi 
ment, with reference to the drawings, wherein: 
0012 FIGS. 1A and 1B are schematic diagrams of an 
engine wherein the invention is used to advantage; 
0013 FIG. 2 is a schematic diagram of an emission 
control system, wherein the invention is used to advantage; 
and 
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0014 FIG. 3 is a high level flowchart of an exemplary 
routine for controlling the emission control system in accor 
dance with the present invention. 

DESCRIPTION OF PREFERRED 
EMBODIMEN(S) 

0.015 Internal combustion engine 10, comprising a plu 
rality of cylinders, one cylinder of which is shown in FIG. 
1, is controlled by electronic engine controller 12. Engine 10 
includes combustion chamber 30 and cylinder walls 32 with 
piston 36 positioned therein and connected to crankshaft 40. 
Combustion chamber 30 is shown communicating with 
intake manifold 44 and exhaust manifold 48 via respective 
intake valve 52 and exhaust valve 54. Intake manifold 44 is 
also shown having fuel injector 80 coupled thereto for 
delivering liquid fuel in proportion to the pulse width of 
signal FPW from controller 12. Both fuel quantity, con 
trolled by signal FPW, and injection timing are adjustable. 
Fuel is delivered to fuel injector 80 by a fuel system (not 
shown) including a fuel tank, fuel pump, and fuel rail (not 
shown). 
0016 Controller 12 is shown in FIG. 1 as a conventional 
microcomputer including: microprocessor unit 102, input/ 
output ports 104, read-only memory 106, random access 
memory 108, and a conventional data bus. Controller 12 is 
shown receiving various signals from sensors coupled to 
engine 10, in addition to those signals previously discussed, 
including: engine coolant temperature (ECT) from tempera 
ture sensor 112 coupled to cooling sleeve 114; a measure 
ment of manifold pressure (MAP) from pressure sensor 116 
coupled to intake manifold 44; a measurement (AT) of 
manifold temperature from temperature sensor 117; an 
engine speed signal (RPM) from engine speed sensor 118 
coupled to crankshaft 40. 
0017. An emission control system 20, coupled to an 
exhaust manifold 48, is described in detail in FIG. 2 below. 
0018 Referring now to FIG. 1B, an alternative embodi 
ment is shown where engine 10 is a direct injection engine 
with injector 80 located to inject fuel directly into cylinder 
3O. 

0.019 Referring now to FIG. 2, an example of an emis 
sion control system in accordance with the present invention 
is described. Emission control system 20 is coupled down 
stream of an internal combustion engine 10 described with 
particular reference in FIG. 1. 
0020 Catalyst 14 is a NOx-reducing catalyst wherein 
NOx is continuously removed through active injection of a 
reductant into the exhaust gas mixture entering the catalyst. 
In a preferred embodiment, catalyst 14 is a urea based 
Selective Catalytic Reduction (SCR) catalyst in which NOx 
is reduced through active injection of an aqueous urea 
Solution or other nitrogen-based reductant into the exhaust 
gas entering the device. The urea solution is converted into 
gaseous ammonia (NH) and stored in the SCR catalyst, 
wherein NH serves an active NOx reducing agent. In a 
preferred embodiment, the SCR catalyst is a base metal/ 
Zeolite formulation with optimum NOx conversion perfor 
mance in the temperature range of 200-500° C. 
0021 Oxidation catalyst 13 is coupled upstream of the 
SCR catalyst and may be a precious metal catalyst, prefer 
ably one containing Platinum for high conversion of hydro 
carbons and carbon monoxide. The oxidation catalyst exo 
thermically combusts hydrocarbons (HC) in the incoming 
exhaust gas from the engine thus Supplying heat to rapidly 
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warm up the SCR catalyst 14. The temperature of the SCR 
catalyst may be raised by retarding injection timing, increas 
ing EGR and intake throttling, or any other means known to 
those skilled in the art to increase the temperature of the 
exhaust gas. Alternatively, in a direct injection engine, extra 
hydrocarbons may be delivered to the oxidation catalyst for 
the SCR catalyst warm-up by in-cylinder injection during 
either or both of a power or exhaust stroke of the engine. In 
another alternative embodiment (not shown), a reductant 
injection system may be used to increase the hydrocarbon 
concentration in the exhaust gas mixture entering the oxi 
dation catalyst. 
0022 Particulate filter 15 is coupled downstream of the 
SCR catalyst for storing particulate matter, Such as soot. 

0023. A reductant delivery system 16 is coupled to the 
exhaust gas manifold between the oxidation catalyst and the 
SCR catalyst. System 16 may be any reductant delivery 
system known to those. skilled in the art. In a preferred 
embodiment, system 16 is that described in co-pending U.S. 
patent application Ser. No. 10/301296, filed Nov. 21, 2002, 
assigned to the same assignee as the present invention, the 
subject matter thereof being incorporated herein by refer 
ence. In such system, air and reductant are injected into the 
reductant delivery system, where they are vaporized by the 
heated element and the resulting vapor is introduced into the 
exhaust gas mixture entering the SCR catalyst. 

0024. A pair of NOx sensors 17, 18 is provided upstream 
and downstream of the SCR catalyst, respectively. Measure 
ments of the concentration of NOx in the exhaust gas 
mixture upstream (CNo in) and downstream (CNo su) of 
the SCR catalyst 14 provided by the NOx sensors are fed to 
controller 12. Controller 12 calculates NOx conversion 
efficiency of the catalyst, NOX. In a preferred embodi 
ment, since a typical NOx sensor is cross-sensitive to 
ammonia, sensor 17 is coupled upstream of the reductant 
delivery system 16. Alternatively, NOx sensor 17 may be 
eliminated and the amount of NOx in the exhaust gas 
mixture entering the SCR catalyst may be estimated based 
on engine speed, load, exhaust gas temperature or any other 
parameter known to those skilled in the art to affect engine 
NOX production. 

0025 Temperature measurements upstream (T) and 
downstream (T) of the SCR catalyst are provided by 
temperature sensors (not shown). Controller 12 calculates 
catalyst temperature, T, based on the information provided 
by these sensors. Alternatively, any other means known to 
those skilled in the art to determine catalyst temperature, 
Such as placing a temperature sensor mid-bed of the catalyst, 
or estimating catalyst temperature based on engine operating 
conditions, can be employed. 
0026 Referring now to FIG. 3, a method for controlling 
an amount of ammonia stored in an SCR catalyst in accor 
dance with the present invention is presented. In a preferred 
embodiment, the routine in FIG. 3 is initiated when NOX 
conversion efficiency of the catalyst, NOx falls below a 
predetermined threshold value, NOx , such as, for 
example, 95%. In an alternative embodiment (not shown), 
the routine in FIG.3 may be performed at engine start-up to 
establish initial ammonia coverage in the catalyst. In a 
preferred embodiment, ammonia coverage is represented by 
coverage fraction, 0, which is defined as a ratio of adsorbed 
ammonia quantity (e.g., moles) to the total storage capacity, 
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M, wherein XX is a given set of operating conditions that 
influence the total storage capacity of a catalyst. If the initial 
ammonia coverage fraction is determined to be insufficient, 
reductant injection may be initiated to achieve optimal 
conditions. 

0027 Proceeding with FIG. 3, in step 100, a determina 
tion is made whether NOx is less than NOx, . If the 
answer to step 100 is NO, the routine exits. If the answer to 
step 100 is YES, the routine proceeds to step 200 wherein 
the temperature of the catalyst is increased to release a 
portion of reductant stored. Various methods for increasing 
the temperature of the catalyst are discussed in detail in FIG. 
2 above. The temperature increase, AT, is selected such that 
sufficient amount of ammonia is desorbed for a reliable 
determination of ammonia storage amounts, and may be 
defined by the following equation: 

6PM.90 MY90 (1) 
AT as dMe f dT 

Xp 100 100 6PM. - M. 
a2+ as CR, 

where: 

t0=defines the time at the start of the temperature ramp for 
which the coverage fraction, 0, is to be predicted. 
tf=is the time at the end of the temperature ramp. 

AT=defines the temperature increase desired. 
M'=100% storage capacity at the condition defined for 
the time instance of interest, XX. 
M=represents the model for the storage capacity as a cap 

function of operating parameters. 

0.*P=expected coverage fraction at the start of the tem 
perature ramp (based on a predetermined map of conversion 
efficiency as a function of catalyst coverage fraction). 

CN"f=ammonia concentration as determined from the 
NOX sensor measurement according to the following equa 
tion: 

C"N=NO, sensor sensed value. 
C"No-concentration of NO, at catalyst inlet. 
mNO=expected NO conversion efficiency of the SCR 
catalyst. 

(DN=1/sensitivity factor of NO, sensor sensitivity to C, 
C2, C-Storage capacity model parameters. 

Next, in step 300, cumulative mass of reductant released due 
to temperature increase, m, is determined according to the 
following equation: 

rels 

iiiet (3) 
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where: 

w=mass flow rate through the catalyst. 
MW =molecular weight of the species XX. 

C"N=NO, sensor sensed value. 
C"No =concentration of NO, at catalyst inlet. 
(t)=1/sensitivity factor of NO, sensor sensitivity to NH. 
exp m*PN=expected NO conversion efficiency of the SCR 

catalyst. 

0028. The routine then proceeds to step 400 wherein 0. 
the calculated coverage fraction at the start of the tempera 
ture ramp, is determined according to the following equa 
tion: 

met + M." (4) 
100 M 

60 

Next, in step 500, a determination is made whether 0, is less 
than 0P, the expected surface coverage fraction, at the 
start of the temperature increase, by greater than some 
predetermined threshold constant, C. If the answer to step 
500 is YES, the routine proceeds to step 600 wherein 
reductant injection is increased to achieve desired surface 
coverage fraction. In a preferred embodiment, this can be 
accomplished by establishing the absolute make up ammo 
nia quantity as the Sum of the amount released during 
temperature perturbation and the amount that needs to be 
added (or removed) to make up for the deficit (or excess) 
coverage at start of temperature perturbation: 

C;o,ty"+M,0x(edes-e')= 
An exemplary scheme includes a simple PI controller with 
the error defined as the difference between the desired 
makeup quantity and the integral of the output of a PI 
controller: 

e=m," "P- fish."dt 
The PI controller maybe defined as: 

where the subscript, k defines the current time sample, k 
and k, are calibratable coefficients that define the feedback 
dynamics Such as rate, overshoot etc. The feedback quantity 
reduces to Zero once the error reduces to Zero. 

0029) If the answer to step 500 is NO, implying that the 
coverage fraction maybe adequately close to (or greater 
than) the desired coverage fraction but the conversion effi 
ciency remains low, the routine proceeds to step 700 wherein 
the map for the conversion efficiency as a function of the 
coverage fraction and catalyst temperature is adapted to 
increase the desired coverage fractions for the desired con 
version efficiencies. The routine then exits. 

0030) If the answer to step 500 is YES, indicating that the 
desired coverage fraction is below the desired value, the 
routine proceeds to step 600 wherein reductant injection is 
increased. The routine then exits. 



US 2007/O 137181 A1 

0031. This concludes the description of the invention. 
The reading of it by those skilled in the art would bring to 
mind many alterations and modifications without departing 
from the spirit and the scope of the invention. Accordingly, 
it is intended that the scope of the invention be defined by 
the following claims: 

1. A method for estimating an amount of reductant stored 
in an exhaust gas aftertreatment device coupled downstream 
of an internal combustion engine, the device having a sensor 
coupled downstream of it, the method comprising: 

adjusting an operating condition to desorb a portion of 
reductant stored in the device; and 

adjusting an amount of reductant injected into the device 
based on a response of the sensor to said desorbed 
reductant portion. 

2. The method as set forth in claim 1 wherein the exhaust 
gas aftertreatment device is a selective catalytic reduction 
(SCR) catalyst. 

3. The method as set forth in claim 2 wherein said 
reductant is ammonia. 

4. The method as set forth in claim 3 wherein the engine 
is a diesel engine. 

5. The method as set forth in claim 4 wherein said 
operating condition is a temperature of said SCR catalyst. 

6. The method as set forth in claim 5 wherein the sensor 
is a NOx sensor. 

7. The method as set forth in claim 5 wherein the sensor 
is an ammonia Sensor. 

8. The method as set forth in claim 1 wherein said 
operating condition adjustment is done at engine start. 

9. The method as set forth in claim 1 wherein said 
operating condition adjustment is done when NOx conver 
sion efficiency of the device is below a predetermined value. 

10. The method as set forth in claim 9 further comprising 
providing an indication of degradation if NOX conversion 
efficiency of the device remains below said predetermined 
value for a predetermined amount of time following said 
adjusting of reductant injection into the catalyst. 

11. An aftertreatment system for an internal combustion 
engine exhaust gas, comprising: 

an SCR catalyst; 
a NOx sensor coupled downstream of said SCR catalyst; 

and 

a controller adjusting an operating condition to desorb a 
portion of reductant from said SCR catalyst when NOx 
conversion efficiency of said SCR catalyst is below a 
predetermined value, said controller monitoring a NOx 
sensor signal to determine an amount of reductant 
desorbed, and controlling reductant injection into said 
SCR catalyst based on said monitored NOx sensor 
signal. 

12. The system as set forth in claim 11 wherein said 
operating condition is a temperature of said SCR catalyst. 

13. The system as set forth in claim 12 wherein said 
reductant is ammonia. 
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14. The system as set forth in claim 13 wherein said 
controller further provides an indication of degradation if 
NOx conversion efficiency of said SCR catalyst remains 
below said predetermined value for a predetermined amount 
of time following said adjusting of reductant injection into 
the catalyst. 

15. The system as set forth in claim 14 further comprising 
regenerating said SCR catalyst in response to said indication 
of degradation. 

16. A method for controlling reductant injection into an 
SCR catalyst, comprising: 

increasing a temperature of the catalyst to a predeter 
mined temperature; 

calculating an expected amount of reductant released 
from the catalyst due to said temperature increase based 
on a model of the catalyst; 

calculating an actual amount of reductant released from 
the catalyst due to said temperature increase based on 
a response of a NOx sensor coupled downstream of the 
SCR catalyst; and 

adjusting an amount of reductant injection into the cata 
lyst based on a difference between said actual and said 
estimated amounts of released reductant. 

17. A method for controlling a NOx-reducing catalyst 
coupled downstream of an internal combustion engine, the 
catalyst having a sensor coupled downstream of it, the 
method comprising: 

providing an indication of an operating condition; 
in response to said indication, desorbing a portion of 

reductant stored in the catalyst; 
adjusting an amount of reductant injection into the cata 

lyst based on a response of the sensor to said desorb 
tion. 

18. The method as set forth in claim 17 wherein said 
NOX-reducing catalyst is an SCR catalyst. 

19. The method as set forth in claim 18 wherein said 
sensor is a NOx sensor. 

20. The method as set forth in claim 19 wherein said 
sensor is an ammonia sensor. 

21. The method as set forth in claim 18 wherein said 
operating condition is engine start. 

22. The method as set forth in claim 18 wherein said 
operating condition is a condition wherein NOx conversion 
efficiency of the catalyst is below a predetermined value. 

23. The method as set forth in claim 22 wherein said 
predetermined value is not greater than 95%. 

24. The method as set forth in claim 22 further comprising 
regenerating the catalyst if said NOx conversion efficiency 
remains below said predetermined value for a predetermined 
amount of time following said adjustment of said amount of 
injected reductant. 


