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1s 1njected into the combustion chamber no later than about
-201t0 -30 CA ATDC and as early as IVC. The remaining fuel
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NOx spikes are also disclosed such as specialized EGR sys-
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SYSTEM AND METHOD FOR REDUCING
NO, EMISSIONS DURING TRANSIENT
CONDITIONS IN A DIESEL FUELED
VEHICLE WITH EGR

Matter enclosed in heavy brackets | ] appears in the
original patent but forms no part of this reissue specifica-
tion; matter printed in italics indicates the additions
made by reissue. 10

CROSS REFERENCE TO RELATED
APPLICATIONS

[This application is] T%is application is a reissue applica- 1>
tion of U.S. Pat. No. 6,820,599, issued Nov. 23, 2004, entitled
“SYSTEM AND METHOD FOR REDUCING NOx EMIS-
SIONS DURING TRANSIENT CONDITIONS IN A DIESEL
FUELED VEHICLEWITHEGR”, which is related to Ser. No.
10/248,633, titled, “SYSTEM AND METHOD FOR
REDUCING NOx EMISSIONS DURING TRANSIENT
CONDITIONS IN A DIESEL FUELED VEHICLE”, now
US. Pat. No. 6,563,058, assigned to the assignee of the
present application, and filed on the same day as the present ..
application. The entire contents of [Ser. No. 10/248,633]
these applications are hereby incorporated by reference into
the present application.

20

BACKGROUND OF INVENTION 30

1. Field of the Invention

The present invention relates generally to the control of an
internal combustion engine powered by diesel fuel, and more
specifically to reducing transient NOx generation produced 35
by such a vehicle.

2. Background of the Invention

Controlling NOx emissions in diesel engines has posed
significant challenges to the automotive industry. While emis-
s1on control devices, such as NOx catalysts, can be used, these 40
devices may be insuificient to meet ever-increasing emission
standards.

A method to reduce NOX 1n diesel engines 1s the use of
exhaust gas recirculation (EGR). EGR reduces NOx emis-
sions during steady, or near steady, engine operation. 45

However, under transient engine operation in which a
vehicle 1s required to accelerate, EGR can limit the perfor-
mance of the vehicle by reducing the amount of airtlow
through the engine. EGR reduces airtlow by displacing air in
the combustion chamber, heating up the intake charge, and 50
redirecting exhaust gas that would normally go through the
turbocharger to the intake manifold. Thas last effect reduces
the energy flow through the turbine, thus restricting the
engine’s ability to create boost. This phenomenon can be
dubbed “the EGR-Boost” tradeoft. 55

Typically, conventional diesel systems suspend the use of
EGR 1n order to accelerate aggressively. However, the imnven-
tors herein have recognized that without EGR, NOx emis-
s1ons (concentration) increase dramatically. This comes at a
time when the air mass flow rates are very high, causing NOx 60
production to spike. Thus, the place where EGR 1s most
needed 1s the place where 1t 1s not used.

The difficulty of this problem can be further appreciated by
considering two types of EGR system that could be used with
turbo-charged engines: the high pressure system and the low 65
pressure system. The inventors herein have recognized the
tollowing disadvantages with each system.

2

In heavy duty applications, high pressure EGR systems
have difficulty providing sufficient EGR flow at high load
conditions, especially at low speed, since there 1s a negative

pressure differential between the exhaust and intake mani-
fold. One method to improve EGR flow 1s to throttle the
engine. However, throttling the engine increases engine
pumping work and decreases the gas flow to the engine.

Similarly, low pressure EGR systems allow only limited
amounts of EGR under light load conditions, especially at
low speed, since there 1s little pressure diflerential. Further,
the low pressure EGR system adds significant purging vol-
ume that causes delays when trying to accelerate.

SUMMARY OF INVENTION

The above disadvantages are overcome by a system for an
engine having an intake and exhaust mamifold, the engine
having a compression device coupled with a first portion
coupled to the intake and a second portion coupled to the
exhaust manifold of the engine, the system comprising: a first
exhaust gas recirculation system having a first end coupled to
the exhaust manifold upstream of the second portion of the
compression device and a second end coupled to the intake
manifold downstream of the first portion compression device,
said first system also having a first valve that adjusts a first
flow amount from the exhaust manifold to the intake mani-
fold; a second exhaust gas recirculation system having a first
end coupled downstream of the second portion of the com-
pression device and a second end coupled to the intake mani-
fold, said first system also having a second valve that adjusts
a second flow amount from the exhaust to the intake manifold.

By providing multiple EGR loops, 1t 1s possible to reduce
NOx emissions during high engine load, even 1n the presence
of a compression device such as a supercharger. In other
words, by using both a two EGR loops, one can obtain the
benefits of each of the high pressure and low pressure EGR
systems and thereby minimize the disadvantages of each
system since the two systems complement each other.

Another advantage of the present invention 1s the ability to
reduce transient NOX spikes.

Yet another advantage of the present invention 1s the ability
of multiple loop EGR systems to enable the use of EGR
throughout the entire engine map without using a throttle.

BRIEF DESCRIPTION OF DRAWINGS

The advantages described herein will be more fully under-
stood by reading an example of an embodiment in which the
invention 1s used to advantage, referred to herein as the
Description of the Preferred Embodiment, with reference to
the drawings wherein:

FIG. 1 1s a graph showing NOx production of a vehicle
during a drive cycle;

FIG. 2 1s a block diagram of an engine 1n which the inven-
tion 1s used to advantage;

FIGS. 3 and 5 are tlowcharts illustrating control methods of
the present invention;

FIG. 4 1llustrates engine maps utilized 1n the present inven-
tion;

FIG. 6 A shows intake manifold pressure required to main-
tamn a 17:1 AFR given an amount of fuel;

FIG. 6B shows a naturally aspirated, unthrottled AFR
given a desired fuel amount (MFDES);

FIGS. 7A-D show detailed engine and vehicle test data that
shows how EGR Shuts off once MFDES exceeds 50 mg/stk,
and how a negative time dermvative of pressure marks the end
of a NOx spike;
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FIG. 8 shows example results utilizing the routines of
FIGS. 3-5;

FIG. 9 shows a schematic of one proposed strategy, which
involves injecting a significant portion of the fuel mto the
combustion chamber early during the compression stroke;

FIG. 10 shows predicted NOx emissions results from a
simulation of the proposed strategies 1n Table 1;

FIGS. 11 and 12 show detailed simulation data of the
engine combustion;

FIG. 13 shows predicted heat release from a simulation of
the present invention;

FI1G. 14 shows the rate of Pressure Rise for the simulation
data;

FIG. 15 illustrates various configurations of the present
invention; and

FIGS. 16a-161f show alternative embodiments of the
present invention with respect to the block diagram of FIG. 2.

DETAILED DESCRIPTION

FIG. 1 shows NOx emissions during a transient emissions
cycle of a vehicle powered by a typical turbocharged diesel
engine. The Figure demonstrates that spikes 1n NOx emis-
s10ms occur at various times during transient operation. Those
spikes typically occur during hard acceleration and the pri-
mary reason for their existence 1s the interaction between the
turbocharging system and the typical high pressure EGR
system. During hard acceleration, the use of EGR 1s sus-
pended 1n order to both divert exhaust flow through the tur-
bine, which allows the turbocharging system to create boost,
and increases air flow through the engine. However, without
EGR, NOx emissions (concentration) increase dramatically.
This comes at a time when the air and thus exhaust mass flow
rate are very high causing NOx production to spike dramati-
cally.

During the a typical urban driving cycle, the time in which
the engine 1s operated under conditions that produce these
spikes accounts for only about 4-5% of the total cycle time.
However, approximately 30-45% of the NOx produced dur-
ing the cycle comes from these NOX spikes, as illustrated 1n
FIG. 1.

The present invention provides several methods to over-
come these NOX spikes.

FIG. 2 shows an example of an internal combustions
engine system. Specifically, internal combustion engine 10,
comprising a plurality of cylinders, one cylinder of which 1s
shown 1n FI1G. 2, 1s 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 communicates with
intake manifold 44 and exhaust mamiold 48 via respective
intake valve 52 and exhaust valve 54.

Exhaust air/fuel ratio sensors can also be used i1n the
present invention. For example, either a 2-state EGO sensor
or a linear UEGO sensor can be used. Either of these can be
placed 1n the exhaust manifold 48, or downstream of devices
19a, 22, or 20.

Intake manifold 44 communicates with throttle body 64 via
throttle plate 66. In one embodiment, an electronically con-
trolled throttle can be used. In this case, the throttle can be
used to throttle airflow to help drive 1n more EGR. In one
embodiment, the throttle 1s electronically controlled to peri-
odically, or continuously, maintain a specified vacuum level
in manifold 44. Intake manifold 44 1s also shown having tuel
injector 68 coupled thereto for delivering fuel 1n proportion to
the pulse width of signal (fpw) from controller 12. This con-
figuration 1s one potential way to get a premixed mixture for

10

15

20

25

30

35

40

45

50

55

60

65
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dual-stage combustion, as 1s known 1n the art. Fuel 1s deliv-
ered to fuel injector 68 by a conventional fuel system (not
shown) including a fuel tank, fuel pump, and fuel rail (not
shown). In the case of direct injection engines, as shown 1n
FIG. 2, aligh pressure fuel system 1s used such as a common
rail system. However, there are several other fuel systems that
could be used as well such as EUI, HEUI, etc. In the embodi-
ment described herein, controller 12 1s a conventional micro-
computer, including: microprocessor unit 102, input/output
ports 104, electronic memory chip 106, which 1s an electroni-
cally programmable memory in this particular example, ran-
dom access memory 108, and a conventional data bus.

Controller 12 receiwves various signals from sensors
coupled to engine 10, 1n addition to those signals previously
discussed, including: measurements of inducted mass air flow
(MAF) from mass air flow sensor 110 coupled to the air filter
A on FIG. 2] (note that in a diesel engine the air flow meter
1s typically read before the compressor, also note that the
airflow sensor should be placed before the entrance point for
the low pressure EGR loop); engine coolant temperature
(ECT) from temperature sensor 112 coupled to cooling jacket
114; a measurement of manifold pressure (MAP) from mani-
fold pressure sensor 205 coupled to intake manifold 44; a
measurement of throttle position (TP) from throttle position
sensor 117 coupled to throttle plate 66; and a profile 1gnition
pickup signal (PIP) from Hall effect sensor 118 coupled to
crankshait 40 indicating and engine speed (N). (Further, con-
troller 12 receives a measurement of mamifold temperature
(Te) from sensor 76. Alternatively, sensor 76 can provide an
indication of exhaust gas temperature, or catalyst tempera-
ture.) In an alternative embodiment, the temperature mea-
sured 1s typically into and/or out of catalyst(s) and/or particu-
late filters, rather than in the exhaust manifold, since there
will be substantial temperature drop in the turbine.

Exhaust gas 1s delivered to intake manifold 44 by EGR tube
202 commumnicating with exhaust manifold 48. EGR valve
assembly 200 1s located in EGR tube 202. Stated another way,
exhaust gas travels from exhaust manifold 44 first through
valve assembly 200, then to intake mamifold 44. EGR valve
assembly 200 can then be said to be located upstream the
intake manifold. There 1s also optionally an EGR cooler [Y 1n
FIG. 2] placed in EGR tube 202 to cool EGR before entering
the intake manifold. Cooling 1s typically done using engine
water, but and air-to-air heat exchanged could also be used.

Pressure sensor 205 provides a measurement of manifold
pressure (MAP) to controller 12. EGR valve assembly 200
has a valve position (not shown) for controlling a variable
arearestriction in EGR tube 202, which thereby controls EGR
flow. EGR valve assembly 200 can either minimally restrict
EGR flow through tube 202 or completely restrict EGR flow
through tube 202. Vacuum regulator 224 is coupled to EGR
valve assembly 200. Vacuum regulator 224 recerves actuation
signal (226) from controller 12 for controlling valve position
of EGR valve assembly 200. In a preferred embodiment, EGR
valve assembly 200 1s a vacuum actuated valve. However, any
type of tlow control valve may be used such as, for example,
an electrical solenoid powered valve or a stepper motor pow-
ered valve.

Also, particulate filter 20 and lean NOx catalyst 22 are
shown coupled 1n the exhaust path downstream of compres-
s1ion device 19. Compression device 19 can be a turbocharger
or any other such device. Device 19 has a turbine 19a coupled
in the exhaust manifold 48 and a compressor 19b coupled 1n
the intake manifold 44 via an mtercooler [ X 1n FIG. 2] which
1s typically and air-to-air heat exchanger, but could be water
cooled. Turbine 19a 1s typically coupled to compressor 19b
via a drive shaft 15. (This could also be a sequential turbo-
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charger arrangement, single VGT, twin VGTs, or any other
arrangement of turbochargers that could be used.)Further,
drive pedal 70 1s shown, along with a driver’s foot 72. Pedal
position (pp) sensor 74 measures angular position of the
driver actuated pedal.

Controls methods for transient NOx reduction are now
described with reference to FIGS. 3-5. Generally, this method
relates to anticipating the NOx spikes 1 order to imitiate
action (e.g., start using dual-stage combustion, start using
dual EGR loops, etc.). Further, the method relates to recog-
nizing the end of NOx spikes in order to discontinue this
action.

Referring now to FIG. 3, a routine 1s described for control-
ling engine mode of operation 1n response to predicted NOx
emissions from engine 10. In step 312, the routine determines
a required fuel mjection amount, or fuel demand (MFDES)
based on a pedal position (pp), engine speed (N), and mea-
sured mass air flow (MAF). Note that this fuel demand can
also be determined based on other parameters. For example,
a two dimensional map of engine speed and pedal position
can be used. Alternatively, a two-dimensional map of pedal
position and vehicle speed can also be used. Moreover, the
required fuel 1s based on a speed error during 1dle speed
control conditions such as below a predetermined vehicle
speed with pedal position below a specified value.

Next, in step 314, the routine calculates the manifold pres-
sure (MAP) and the rate of change of manifold pressure
(AMAP). In this particular embodiment, the change 1n mani-
fold pressure 1s approximated as the difference 1n manifold
pressure between the current sample and the previous sample.
In one example, manifold pressure 1s measured from sensor
205. Note that the desired EGR amount and the EGR valve
position for the common high pressure loop will depend on
the mode of operation chosen from the routine that deter-
mines whether a NOXx spike 1s predicted/detected/occurring.

Next, i step 320, the routine determines whether a NOx
spike 1s predicted/determined as described in more detail
below with particular reference to FIG. 5. In one particular
example the routine checks the flag (spike flg). Note that the
spike_tlg should be 1nitialized to zero when the engine starts
up. Ditferent actions should be taken given the previous value
of spike flg as described herein with regard to FIG. 5. When
the answer to step 320 1s no, the routine continues to step 322
and uses normal engine operating modes. For example, EGR
1s delivered using the high pressure EGR loop and the desired
tuel (MFDES) 1s 1njected as done during steady-state opera-
tion.

When the answer to step 320 1s yes, the routine continues to
step 324 where an alternate mode 1s performed to reduce NOx
generation. The first step to all of the alternative NOx reduc-
tion strategies 1s to shut off the flow of EGR through the
conventional high pressure EGR loop 1n order to quickly
increase engine boost by maximizing the exhaust flow
through the turbine. In this example, a multiple 1njection
strategy 1s used to provide the desired fuel demand 1n such a
way that a substantial portion of the fuel burns under fuel lean
conditions, thus reducing NOx emissions. Alternatively,
other multiple injection strategies could also be used to
reduce NOx emissions. In another example, the high pressure
EGR loop 1s shut off to maximize exhaust flow through the
turbine and a low pressure EGR loop 1s used to deliver EGR
to the itake air. Thus, according to the present invention, 1t 1s
possible to reduce engine NOx generation while at the same
time allowing engine boosting.

Referring now to FI1G. 4, a two-dimensional map 1s shown
where the desired EGR amount (or MAF) 1s determined
based on the fuel demand and engine speed. Optionally, this

10

15

20

25

30

35

40

45

50

55

60

65

6

map can be extended to take into account various engine-
operating conditions such as engine coolant temperature and
manifold pressure. In this case, multiple maps can be used to
generate three-dimensional tables. In the particular example
shown 1n FIG. 4, generally, as the required fuel and engine
speed 1ncrease, the desired MAF 1increases (or the desired
EGR decreases). Such an approach 1s typically utilized with
turbocharged diesel engines that use high pressure EGR sys-
tems because the EGR 1ncreases turbo lag and displaces atr,
thus hampering the engine performance.

However, according to the present invention, 1f multiple
EGR loops are utilized, at least modest levels of EGR can be
scheduled even at high fuel demands thereby allowing for
decreased NOx emissions, as shown 1in FIG. 4A.

Referring now to FIG. 5, a routine 1s described for deter-
mining when increased NOx emissions, such as NOx spikes,
occur. First, in step 500, the routine determines whether a
NOx spike was 1n progress by examining spike_{tlg.

If spike 1lg=0 during step 500, then a NOx spike was not 1n
progress and the routine determines whether a NOx spike
starting condition 1s present. Various parameters can be used
to make this determination such as, for example, whether the
combustion air/fuel ratio 1s less than about 17:1, whether the
desired fuel amount i1s greater than a fuel threshold (MF
threshold), and/or whether the EGR amount 1s lower than an
EGR threshold. (One could also potentially use concentration
ol O2, NO, CO2, soot, or other relevant specie in the exhaust,
engine torque, pedal position, EGR valve position. However,
the preferred method based on the data analyzed 1s described
below with reference to FIGS. 6 & 7. It 1s only used to
determine when the engine can no longer tolerate EGR or
when the engine has decided to remove the EGR.) This 1s
described 1 more detail below with particular reference to
FIGS. 6 and 7. When the answer to step 510 1s yes, the routine
continues to step 312 and sets the spike flag (spike_flg) equal
to 1 and the routine ends. If the answer to step 510 1s no, the
routine 1s terminated without changing spike flg from its
previous value of zero.

If spike_flg was equal to 1 during step 500, a NOx spike
was already 1n progress and, in step 514, the routine deter-
mines whether a NOx ending condition 1s present. There are
various methods for determining whether the NOx spike end-
ing condition 1s present such as, for example, whether a
change 1n manifold pressure 1s greater than a threshold,
whether this change in pressure 1s present for a predetermined
time, whether desired fuel amount 1s less than the threshold
(including a small margin x), and/or whether engine load 1s
decreasing. As described below, this determination of a NOx
spike 1s used to dynamically select between operating modes
in order to reduce tailpipe NOx emissions. Still other condi-
tions that can be used include a rate of change of desired
torque, required fuel injection amounts, pedal position, air/
tuel ratio (oxygen/fuel ratio), or species such as O,, CO, 1n
the intake or exhaust. When the answer to step 514 i1s yes, the
routine continues to step 516 to set the spike flag to zero and
ends the routine. If the answer to step 514 1s no, the spike flag
remains at 1 and the routine ends.

Note that the methods described above allow for anticipa-
tion of a NOx spike, therefore giving a priori information that
can be used to preset engine conditions to avoid the NOx
spike generation.

As explained 1n FIG. 3, a spike {flg equal to 1 signals the
engine to eliminate high pressure EGR to maximize exhaust
flow through the turbine and operate 1n an alternate mode that
1s aimed at reducing NOx. Many of the methods used to
reduce NOx emissions do so atthe expense of soot and/or fuel
economy. Consequently, 1t 1s typically not optimal to operate
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the engine under those conditions when high pressure EGR
can be used to reduce NOx nstead. In order to optimize
utilization of the methods outlined above (and below), a
method should be found to anticipate NOx spikes so as to
mimmize the operation of the engine using these methods.
(Various ways to anticipate NOX spikes are suggested above.
The preferred method 1s below.)

As stated earlier, NOx spikes occur because EGR and boost
appear to be mutually exclusive when a typical high pressure
EGR loop 1s used. The main reason for these NOx spikes
during aggressive acceleration comes from the engine’s need
for air, which translates to a need for boost. When high pres-
sure EGR 15 used, the flow of EGR robs the turbine used to
drive the intake compressor of the energy 1t needs to create
that boost. Consequently, high pressure EGR must be shut off
during acceleration, which causes NOx emissions to increase
dramatically. Thus, the onset of NOx spikes 1s dictated by the
point at which 1t 1s decided that the engine can no longer
operate without boost. FIG. 6 A shows the amount of boost
pressure required to maintain a 17:1 air/fuel ratio at various
values fuel tlow rates (MFDES) when the engine 1s operated
without EGR. MFDES 1s given in mg/stroke. The fuel flow
rate that coincides with atmospheric pressure represents the
maximum amount of fuel that can be burned at or above a
17:1, air/fuel ratio without boost. For this case, that value 1s 50
mg/stroke. To view this 1n a different way, FI1G. 6B shows the
air/fuel ratio for a variety of tuel flow rates assuming no boost
and no EGR. To reach air/fuel ratios higher than those on the
curve, boosting 1s required. The Figure shows that boosting 1s
needed to attain at least a 17:1 air/fuel ratio when MFDES 1s
50 mg/stroke. As stated earlier, in order to get boost, the level
of EGR 1s usually sigmificantly reduced or shut oif given the
current EGR system. FIGS. 7A-7D, and specifically FIGS.
7A-TB, show that the EGR valve does indeed close once
MFDES exceeds 50 mg/strk, and that this occurrence coin-
cides with the beginning of a NOx spike for the typical engine
operation shown in FIG. 1. This 1s true over the entire cycle
with very few exceptions. The data reveals that the closing of
the EGR valve 1s not necessarily areliable harbinger to a NOx
spike. However, MFDES exceeding a value that creates an
AFR lower than 17:1, when the engine 1s naturally aspirated,
appears to be an extremely reliable indication that a NOx
spike 1s imminent.

Note that a 17:1 AFR without boost or EGR was used 1n
this case as the point at which the engine could no longer be
operated without boost. This was done because, typically at
that point, diesel combustion etficiency drops of due to a lack
of available oxygen. However, the choice of air/fuel ratio used
to decide this break point involves a tradeoll between engine
performance during acceleration and NOx emissions. The
quicker high pressure EGR 1s shut off, the shorter the turbo-
charger lag 1s and the quicker the engine accelerates, but at the
expense of NOx emissions. The longer the EGR 1s used, the
lower the NOX 1s, but at the cost of longer turbocharger lag
and poorer engine performance. Further analysis shows that
the end of a NOxX spike 1s marked by a drop 1n boost pressure,
which 1s an indication that the load has decreased signifi-
cantly.

FIGS. 7C-7D show a plot similar to that shown in FIGS.
7A-TB, but with the boost pressure overlayed on the graph.
The Figure shows that the end of the NOx spikes occurs 1 or
2 seconds aifter the time derivative of the boost pressure
becomes negative.

One aspect of the present invention 1s based on using the
information described above to predict the start and end of a
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NOx spike using readily available engine parameters. This
information leads to the following criterion for the particular
engine selected:

A NOx spike begins when the fuel demand (MFDES)
increases above a value at which the air requirement of the
engine exceeds what can be achieved without boost (based on
a minimum air/fuel ratio of, for example, 17:1). This will
signily the point where either additional or alternative steps
should be taken to enable simultaneous NOx control and
boosting.

When a NOx spike 1s in progress, the signal that the spike
1s over should not be sought until the fuel demand drops
below a value that 1s equal to or somewhat less (2-3 mg less)
than that used to signify the start of the NOX spike. Using a
value somewhat less than that used in the previous step may
help prevent choppy engine operation caused by jumping in
and out of modes of operation too frequently.

A NOx spike ends when the manifold air pressure (boost)
has decreased over the last 1-2 seconds. This signifies a drop
in the airtlow and engine load.

Note that this data 1s merely an example of the criteria that
can be selected for use i1n the flow charts and routines
described above herein with particular reference to FIGS. 3-5.

FIG. 8 shows the degree of success that can be achieved 1n
determining the time and duration of NOX spikes using these
guidelines. However, as described above, various combina-
tions of parameters can be used, with varying accuracy.

The strategy described herein could facilitate drastic
reductions 1n NOx during transient cycles. The extent of the
reduction would depend on the alternative mode of operation
used to reduce NOx emissions without the use of high pres-
sure EGR. Some possible alternate modes of operation are:

1. To immediately remove most or all EGR and use dual-
stage combustion. Using this method and assuming that a
70% NOx reduction would be obtained during that time (as
projected from combustion simulations), 1t 1s projected that a
33% reduction in FTP cycle NOx emissions would result.
However, 1t may be possible to achieve even further reduction
by combining the dual stage combustion and corresponding
control routines with EGR.

2. To remove EGR and use other split injection strategies
aimed at reducing NOx emissions. Split main injection has
been shown 1n the SAE literature (see SAE 960633).

3. Continue using EGR at high to moderate levels and use
Electric Assisted Boosting to increase intake pressure. No
projections of the NOx benefit for this method have been
developed. (Note, however, that this approach has a potential
drawback 1n that 1t will reduce and ultimately eliminate the
EGR driving force.)

4. Have both low pressure and high pressure EGR loops on
the engine. Close the high pressure EGR loop during NOx
spikes and use the low pressure EGR loop to provide a base
level of EGR. That level may be smaller than that used during
steady state 1n order to avoid displacing too much air. (Even a
small level of EGR would reduce NOx better during accel-
eration since the high pressure EGR valve would have to be
shut anyway.)

Next, a detailed explanation of the dual stage combustion s
described. This 1s a method for diesel combustion 1n which
combustion occurs in two separate stages, lean pre-mixed
combustion and normal diesel combustion. Lean pre-mixed
combustion 1s accomplished by introducing a significant por-
tion of the fuel either into the combustion chamber very early
in the compression stroke through one or a series of pilot
injections or into the mtake manifold during induction. The
carly introduction of this fuel gives it enough time to mix with
the air and form a lean (and potentially homogeneous) mix-
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ture that 1ignites due to the increased temperature during com-
pression, potentially in HCCl-like combustion. The remain-
der of the fuel 1s 1njected 1 any number of 1njection events to
produce standard diesel combustion. This method of combus-
tion obtains low NOx emissions with very little smoke pen-
alty.

Because 1ts formation rates increase with temperature,
NOx emissions are primarily produced 1n an internal com-

bustion engine 1n combustion regions where the local equiva-
lence ratio 1s close to stoichiometric. Soot 1s formed 1n high
temperature rich regions of the combustion chamber. Diesel
combustion 1s a process 1n which fuel progresses through both
of these regions, despite the fact that the overall equivalence
rat1o 1s usually fairly lean. Most of the fuel injected 1n a diesel
engine 1s 1itially broken down under locally rich equivalence
ratios either 1n the premixed burn stage or in the fuel-rich
premixed flame. These regions mainly produce CO, UHC,
and soot precursors. That broken down fuel ultimately pro-
ceeds through a thin diffusion flame that exists at or near
stoichiometric equivalence ratios, where complete products
are produced and full heat release 1s achieved and NOx 1s
produced (see SAE 970873).

The present invention includes a combustion strategy
designed to burn significant portion of the fuel under lean
conditions, thus avoiding both NOx and soot production.

FIG. 9 shows a schematic of the proposed strategy, which
involves 1jecting a significant portion of the fuel mto the
combustion chamber early during the compression stroke
(first pulse), thus enabling that fuel to mix with air and burn
under lean air/fuel equivalence ratios. The remaining fuel 1s
injected near top dead center (TDC) and burned normally
(second pulse). The fuel that 1s 1njected during the first pulse
1s burned under lean conditions and produces an 1nsignificant
amount of NOx and soot emissions. The heat release from that
tuel serves to heat the contents of the combustion chamber.
This shortens the 1gnition delay of the second pulse, thus
reducing both NOx emissions and combustion noise.

This concept was tested using simulations of the closed
cycle portion of a diesel engine (IVC to EVO). Simulations
were conducted for a single engine operating condition: 1500
rpm, 5 bar BMEP (~30 mg/stroke). Thirteen different injec-
tion schemes were assessed. The baseline case was a single
injection pulse delivering 100% of the fuel starting at +3.2 CA
ATDC. The basic 1injection parameters defining this baseline
case and the other twelve cases are shown 1 Table 1. [t1]

TABL

(L]

1

Simulation Injection Stratesies

Case  1st Inj. Qty. Dwell SOI Main Dwell
Number (%o of total) (CA) (CA ATDC) (CA)
1 0 N/A +3.2 N/A
2 7 10 +3.2 10
3 7 20 +3.2 20
4 7 40 +3.2 40
5 7 90 +3.2 90
6 21 10 +3.2 10
7 21 20 +3.2 20
8 21 40 +3.2 40
9 21 90 +3.2 90
10 49 10 +3.2 10
11 49 20 +3.2 20
12 49 40 +3.2 40
13 49 90 +3.2 90

FI1G. 10 shows the NOx emissions results (simulated NOx
emissions with pre-injection) for this study. The Figure shows
that for all cases, except that of relatively close-coupled,
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large-quantity pilot injection, a substantial NOx reduction
(50-70%) was achieved using early fuel injection.

The simulations suggest that two major mechanisms con-
tribute to the decrease 1n NOX emissions using pre-injection.
First, the fuel that 1s pre-injected has time to mix with air and
create a lean mixture before combustion. This can be seen 1n
FIG. 11, which shows a snapshot of the in-cylinder equiva-
lence ratio just prior to main fuel injection 1 which 21% of
the fuel 1s pre-injected about 90 CA betfore TDC. This lean
mixture burns at very low temperatures (see FIG. 12), thus
producing low NOXx; it also produces low soot emissions
because of the abundance of oxygen. I.e., FIG. 11 shows the
lean combustion of pre-injected fuel, and FIG. 12 shows the
low temperature combustion of pre-injected tuel.

The second factor contributing to NOx reduction 1s a
decrease 1n the 1ignition delay caused by the addition of heatin
the combustion chamber. The amount of fuel injected during
ignition delay has a strong correlation with the amount of
NOx produced by the engine. FIG. 13 compares the heat
release rate of the baseline (single injection) case with that of
two cases 1 which 21% of the fuel was pre-injected. The
Figure illustrates that early fuel injection significantly
reduces 1gnition delay. This results 1 a significant reduction
in NOx emissions. The Figures also illustrates the 1gnition
delay.

This method of NOx reduction has an added benefit to
noise, much like pilot injection. FIG. 14 compares the rate of
change of in-cylinder pressure, a quantity for which the maxi-
mum value 1s directly related to the combustion noise, for
three cases:

(1) Single 1njection.

(2) Close-coupled pre-injection of a small quantity of fuel.

(3) Pre-injection of a moderate quantity of fuel early during

compression stroke.

The Figure shows that noise 1s reduced significantly from a
single 1mjection case when part of the fuel 1s injected early 1n
the compression stroke. The Figure also shows that this noise
reduction 1s comparable to that of what should be represen-
tative of a conventional pilot injection.

The following Figures and description relate to various
types of EGR systems that can be used to solve the EGR-
boost problem described above. Some of these are alternative
EGR systems 1n which all or part of the EGR flows from the
exhaust line after a diesel particulate filter (low pressure) to
cither a point before the compressor (low pressure) or to the
intake manifold (lugh pressure). Since the EGR gases flowing
through these lines would still flow through the turbine, this
EGR would not diminish the performance of the turbine.
Thus, the turbine would be able to spin up quickly even with
modest or possibly high levels of EGR. For cases in which
only some of the EGR flows through this low pressure loop, a
second EGR loop, one that 1s identical to a conventional EGR
loop, 1s used. In this case, only the low pressure loop 1s used
when trying to accelerate.

FIG. 15 shows a schematic view of engine 10, including
compressor 19b, turbine 19a, intake manifold 44, exhaust
mamifold 48, particulate filter 20, lean NOx catalyst 22, and
intercooler 1500. For reference, points 1-7 are also labeled to
facilitate the description below.

A typical EGR system takes exhaust gas from the exhaust
mamnifold (5) and plumbs 1t back into the intake mamiold (4).
Such a system 1s shown 1n FIG. 2. For some cases, the flow
rate of EGR 1s too high for the EGR plumbing capacity at
natural pressure differences, thus requiring the use of an
intake throttle to depress the inlet air pressure and drive more
EGR. EGR that tflows through this loop does not tlow through

the turbine, thus starving the turbine for mput energy. The
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tollowing shows the benefits and consequences of using sev-
cral alternate EGR systems. These systems were narrowed
from a host of possibilities according to the following critena:
One should not pump dirty or sooty exhaust gas.
One should not put dirty or sooty exhaust gas into the
COMpPIressor.
Possible EGR Systems given the above criteria:

. 5 to 4—Common High Pressure Loop (see FIGS. 2)

. 7T to 4—Low Pressure to High Pressure (see FIG. 16a)

. 7T to 1—Low Pressure Loop (see FIG. 16b)

.51t04 & 7 to 4—dual-loop EGR system (see FIG. 16¢)

.51t04 & 7 to 1—dual-loop EGR system (see FIG. 16d)

. 7 to 2—Low Pressure to High Pressure using inter-
cooler for cooling EGR (see FIG. 16¢)

. 5tod4 & 7 to 2—dual-loop EGR system using inter-
cooler for cooling EGR (see FIG. 161)Note that some of
the equipment 1 the EGR loops described herein 1s

optional such as coolers, throttles, and pumps.
EGR System #1: 5 to 4 (see FIG. 2)

As stated, this 1s the basic EGR system, described 1n FIG.
2, which 1s suitable for use with the present invention, espe-
cially 1t the multiple 1injection strategy described above is
utilized. This system allows EGR tlow without pumping (es-
pecially at light loads), and a low filling/purging volume
(quick response). However, 1t also potentially has a bulk tlow
pumping loss for throttling, dirty EGR (durability), less flow
through the turbine-turbo lag, no EGR during transients—
NOx control problem, and coordinated control with EGR
valve and intake throttle.

EGR System #2: 7 to 4 (see FIG. 16a)

In this system, EGR 1s brought from a point after the diesel
particulate filter to the intake manifold using an air pump (not
shown). An additional cooler (not shown) 1s placed some-
where 1n the EGR loop in order to cool the EGR before
entering the combustion chamber. The flow rate of EGR 1s
controlled using a valve. Such a system 1s also shown in FIG.
16a. In particular, exhaust 1s routed from manifold 48 to the
turbine 19a. From there, it passes to particulate filter 20 and
lean NOx catalyst 22. Exhaust gas downstream of device 22 1s
then routed to pump Zb, and cooler Yb, before passing
through the valve 200b and entering manifold 44.

This system provides minimal dirty EGR (better durabil-
1ty ), minimal bulk flow pumping losses (intake throttle can be
climinated 1f desired), all exhaust gas tflows through the tur-
bine (1improved turbo response), low filling/purging volume
(quick response), EGR can be used during transients—NOX
control, and a simpler control system (1f not using ITH to
control EGR). However, all of the EGR 1s pumped (high
pressure, high mass tlow), all exhaust flows through DPF—
increased back pressure, and there 1s a longer EGR plumbing
loop.

EGR System #3: 7 to 1 (see FIG. 16b)

In this system, EGR 1s brought from a point after the diesel
particulate filter to a point before the compressor using an air
pump or a venturi (not shown). A cooler (Ya) 1s also placed in
the EGR loop 1n order to cool the EGR before entering the
compressor. The flow rate of EGR 1s controlled using a valve
such as valve 200. An optional pump Za 1s also shown. An
optional intake throttle 117 1s also shown.

Such a system gives minimal dirty EGR (better durability),
mimmal bulk flow pumping losses—(ntake throttle can be
climinated), all exhaust gas tlows through the turbine (im-
proved turbo response), potential to use a venturi to pump
EGR, EGR during transient NOx control, and a potentially
simpler control system (if throttle eliminated). Further, there
1s potential for better EGR distribution/mixing. However,
there may be a need for a pump, all exhaust tlows through
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DPF increased back pressure, there 1s a longer EGR plumbing
loop, and there 1s an increased filling/purging volume—de-
graded transient response.

EGR System #4: 5to 4 & 7 to 4 (see FIG. 16¢)

In this system, shown 1n FIG. 2, two EGR loops are used.
One EGR loop connects the exhaust manifold to the intake
manifold. The other takes exhaust gases from a point after the
DPF and pumps the into the intake mamifold using an air
pump. When the vehicle 1s not accelerating, the first EGR
loop 1s used to its fullest extent, and the second loop 1s used to
supplement the EGR flow to avoid using the intake throttle.
When the vehicle 1s trying to accelerate (or when a NOX spike
1s predicted), the first EGR valve 1s shut to maximize the
exhaust tlow through the turbine, thus improving transient
response of the engine. The second loop 1s used to supply a
base amount of EGR to control NOx emissions. Coolers (not
shown) and pumps (not shown) can be present 1n both EGR
loops to reduce EGR temperature.

This system allows partially free EGR, minimal bulk tlow
pumping losses (potential to eliminate intake throttle), EGR
during transient—NOX control, more exhaust flow through
turbine during normal operation—Iless turbo lag, all exhaust
flows through the turbine during transient—better response,
and low filling/purging volume (quick response). However,
there may be durability issues. Further, this system may
require pumping EGR (high pressure, low mass flow), added
cost, longer EGR plumbing, coordinated control between the
loops, and slightly higher tlow through DPF (increased back
pressure).

EGR System #5: 5to 4 & 7 to 1 (see FIG. 16d)

This system 1ncludes two EGR loops. One EGR loop con-
nects the exhaust manifold to the intake manifold, like those
used currently. The other takes exhaust gases from a point
aiter the DPF and pumps it to a point before the compressor
using either an air pump or a venturi. When the vehicle 1s not
accelerating (no NOx spike predicted), the first EGR loop 1s
used as much as 1s needed, and the second loop 1s used to
supplement the EGR flow 1f required, thus avoiding the use of
the intake throttle. When the vehicle 1s trying to accelerate (or
a NOx spike 1s predicted), the first EGR valve 1s shut to
maximize the exhaust flow through the turbine, thus 1improv-
ing transient response of the engine. The second loop 1s used
to supply a base amount of EGR to the engine to control NOx

emissions. Optional Coolers (Y) cab be present in both EGR
loops to reduce EGR temperature. Further, optional pumps
(7)) could also be used.

This system allows partially free EGR, minimal bulk tlow
pumping losses (possibility to eliminate intake throttle), EGR
during transient—INOX control, more exhaust flows through
turbine during normal operation—Iless turbo lag, all exhaust
flows through the turbine during transient—better response,
low filling/purging volume for most EGR flow (quick
response), some of EGR, most during transient operation,
will be well mixed, and likely to use a venturi instead of an air
pump (low pressure, low mass tlow). However, 1n additional
to durability, there may be added cost due to the dual loops,
longer EGR plumbing, coordinated control, and slightly
higher flow through DPF (increased back pressure).

The mventors here have conducted tests both on an engine
dynamometer and in a vehicle and have found a benefit to
using this loop to NOx (~10-12% reduction) without sacri-
ficing engine performance or fuel economy. In fact, there may
even be a fuel economy benefit to using this system over the
convention system, system #1), depending on the engine and
system configuration.
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EGR System #6: 7 to 2 (see FIG. 16¢)

This system has essentially the same benefits and disad-
vantages as EGR system #3, with only two exceptions. First,
the pressure just after the compressor 1s slightly higher than in
the intake manifold, therefore flowing EGR in this loop would
be more difficult. Second, using the intercooler to cool the
EGR with the intake air would introduce a potential cost save
since 1t would eliminate the need for an EGR cooler. An
optional pump Zc, optional intercooler Yc, are shown routing
exhaust gas via line 202c upstream of the device 19b. A
vacuum regulator 224c 1s also shown providing an EGR pres-
sure signal (EGRPc), along with an EGR valve 200c. Note
that System #6 can be considered as a possible variation of the
low to high pressure EGR loop configuration of system #2.

(CR System #7: 5to 4 & 7 to 2 (see FIG. 161)

This system has essentially the same benefits and disad-
vantages as EGR system #5, with only two exceptions. First,
the pressure just aiter the compressor 1s slightly higher than in
the intake manifold, therefore flowing EGR in this loop would
be more difficult. Second, using the intercooler to cool the
EGR with the intake air would introduce a potential cost save
since 1t would eliminate the need for an EGR cooler. Note that
System #7 can be considered as a possible variation of system
#4.

Finally, note that systems 4, 5, and 7 are especially suited
for use with the strategy described above herein. Thus,
according to the present invention, 1t 1s possible to use a dual
loop EGR system to reduce NOX. In one example, the two
EGR loops are each adjusted via valves to control the amount
of EGR based on engine operating conditions. In some con-
ditions, both EGR loops are used, and 1n other conditions,
only one of the loops 1t utilized. Further still, in other
example, neither loop 1s used.

In one specific example described above, at least two oper-
ating modes are utilized. A first mode 1s used where two EGR
loops are utilized (both a high pressure loop and a low pres-
sure loop). In this case, the lop pressure loop 1s used to put in
a low level of EGR while the high pressure loops 1s used to
control EGR amount in total (or airflow). A second mode uses
only the low pressure EGR loop to maximize the mass flow
through the turbine.

In this way, 1t 1s possible to minimize NOX emissions, even
during tip-in NOX spikes.

This concludes the detailed description. As noted above
herein, there are various alterations that can be made to the
present invention.

We claim:

1. A system for an engine having an intake manifold
coupled to an intake conduit and an exhaust manifold coupled
to an exhaust conduit, the system comprising:

[, the engine having] a compression device coupled [with a
first portion] to the engine, and comprising a compres-
sor coupled [to] into to the intake conduit and a [second
portion] turbine coupled [to the exhaust manifold of the
engine, the system comprising:] into the exhaust conduit
and configured to drive the compressor;

a combustion chamber communicating with the intake
manifold and with the exhaust manifold,;

a soot filter coupled into the exhaust conduit downstream
of the turbine;

a fuel injector configured to inject a first pulse of fuel into
the combustion chamber during a compression stroke
and a second pulse of fuel during an expansion strvoke,
the compression stroke and the expansion stroke occur-
ring during a fivst operating condition and in one engine
cycle;
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a first [exhaust gas] exkaust-gas recirculation system hav-
ing a first end coupled to the exhaust manifold upstream
of the [second portion of the compression device] zur-
bine and a second end coupled to the intake manifold
downstream of the [first portion compression device}
compressor, [said first] the first exhaust-gas recircula-
tion system also having a first valve [that], which adjusts
a first flow amount from the exhaust manifold to the
intake manifold; and

a second [exhaust gas] exhaust-gas recirculation system
having a first end coupled downstream of the [second
portion of the compression device] turbine and the soot
filter and a second end coupled to the intake manifold,
[said first] the second exhaust-gas recivculation system
also having a second valve [that], which adjusts a second
flow amount from the exhaust corduit to the intake
manifold.

2. The system recited 1n claim 1 further comprising a con-
troller electrically coupled to [said] tke first and second
[valve] valves.

[3. The system recited in claim 2 wherein said controller
determines engine operating conditions, and actuates both
said first and second valve during a first mode, and only said
second valve during a second mode based on said determined
operating conditions.]

4. The system recited in claim [3] /, wherein the engine is
a diesel engine[, and wherein said second end of said second
exhaust gas recirculation system 1s coupled to the intake
mamifold downstream of the first portion of the compression
device].

5. A system for an internal combustion engine kaving an
intake manifold coupled to an intake conduit and an exhaust
manifold coupled to an exhaust conduit, the system compris-
ng:

a first [exhaust gas] exhaust-gas recirculation path for
introducing a first amount of burnt exhaust gas into [an}
the intake manifold Jof the enginel;

a first valve [located in said] coupled into the first exhaust-
gas recirculation path;

a second [exhaust gas] exhaust-gas recirculation path for
introducing a second amount of burnt exhaust gas into
[an] 7/2e intake manifold Jof the engine]:

a second valve [located in said] coupled into the second
exhaust-gas recirculation path;

a compression device powered by exhaust flow [that],
which raises manifold pressure, the compression device
comprising a compressor coupled into the intake con-
duit and a turbine coupled into the exhaust conduit and
configured to drive the compressor;

a soot filter coupled into the exhaust conduit downstream
of the turbine;

a fuel injector capable of delivering multiple injections per
engine cycle to a combustion chamber; and

a controller [for] operatively coupled to the fuel injector
and configured to:

[determining] determine an [engine load] engine-load
condition associated with decreased NOx emissions,
and [controlling] control both [said] t4e first and sec-
ond [valve] valves to be open during [said] the
decreased NOX emissions;

estimate an interval where increased nitrogen-oxide
emissions ave predicted, a start of said interval
responsive to fuel demand, an end of said interval
responsive to manifold air pressure (MAP); and

during said interval, enact one or more of: injecting a

fivst pulse of fuel into the combustion chamber during
a compression stroke and a second pulse of fuel dur-
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ing an expansion stroke, the compression stroke and
the expansion stroke occurring in one engine cycle;
and drawing some exhaust through the second
exhaust-gas recirculation path.

6. The system of claim 5, wherein [said] tke controller
[further controls] is further configured to open only one of
[said] #/ze first and second [valve] valves [to be open] during
[increased NOx conditions] said interval.

7. A system for a diesel engine, comprising:

[a turbine coupled to an exhaust side of the engine;}

a compressor coupled [to] into an intake manifold on an

intake side of the engine;
a turbine coupled into an exhaust conduit on an exhaust
side of the engine and configured to drive the compres-
SOV,
a soot filter coupled into the exhaust conduit downstream
of the turbine;
a first [exhaust gas] exiaust-gas recirculation path from the
exhaust [side of the engine] conduit to [the] ar intake
[side of the engine] manifold, the first [exhaust gas]
exhaust-gas recirculation path having an exhaust por-
tion and an 1ntake portion, the exhaust portion coupled to
the exhaust [side of the engine] conduit upstream of the
turbine and the intake portion coupled to the intake [side
of the engine] manifold downstream of the compressor:;
and
a second [exhaust gas] exhaust-gas recirculation path from
the exhaust [side of the engine] conduit to the intake
[side of the engine] conduit, the second [exhaust gas]
exhaust-gas recirculation path having an exhaust por-
tion and an 1ntake portion, the exhaust portion coupled to
the exhaust [side of the engine] conduit downstream of
the turbine and the soot filter and the intake portion
coupled to the intake [side of the engine] manifold;
a fuel injector capable of delivering multiple injections per
engine cycle to a combustion chamber of the engine; and
a controller operatively coupled to the fuel injector and
configured to:
during a first operating mode, inject a first pulse of fuel
into the combustion chamber during a compression
stroke and a second pulse of fuel during an expansion
stroke, the compression stroke and the expansion
stroke occurring in one engine cycle; and

during a second operating mode, draw some exhaust
through the second exhaust-gas vecivculation path.

8. The system recited 1n claim 7 wherein said first exhaust
gas recirculation path includes a first control valve coupled
between the exhaust portion and the intake portion of the first
exhaust gas recirculation path.

9. The system recited 1 claim 7 wherein said second
exhaust gas recirculation path includes a second control valve
coupled between the exhaust portion and the intake portion of
the second exhaust gas recirculation path.

10. The system recited in claim 7 further comprising a
catalyst coupled to the exhaust side of the engine downstream
of the turbine.

[11. The system recited in claim 7 further comprising a
particulate filter coupled to the exhaust side of the engine
downstream of the turbine.]

12. The system [recited in] of claim 7 wherein [said] tze
intake portion of the second [exhaust gas] ex/aust-gas recir-
culation path is coupled to [said intake side of the engine] te
intake conduit upstream of the compressor.

13. The system [recited in] of claim 7 wherein [said] #ze
intake portion of the second [exhaust gas] ex/aust-gas recir-
culation path is coupled to [said intake side of the engine] t:e
intake manifold, downstream of the compressor.
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14. The system recited in claim 13 further comprising a
throttle on the intake side of the engine.

[15. A system for a diesel engine, comprising:

a turbine coupled to an exhaust side of the engine;

a compressor coupled to an 1ntake side of the engine;

a first exhaust gas recirculation path from the exhaust side
of the engine to the intake side of the engine, the first
exhaust gas recirculation path having an exhaust portion
and an 1ntake portion, the exhaust portion coupled to the
exhaust side of the engine upstream of the turbine and
the intake portion coupled to the intake side of the engine
downstream of the compressor; and

a second exhaust gas recirculation path from the exhaust
side of the engine to the intake side of the engine, the
second exhaust gas recirculation path having an exhaust
portion and an intake portion, the exhaust portion
coupled to the exhaust side of the engine downstream of
the turbine and the intake portion coupled to the intake
side of the engine downstream of the compressor.}

[16. The system recited in claim 15 wherein said first
exhaust gas recirculation path includes a first control valve
coupled between the exhaust portion and the intake portion of
the first exhaust gas recirculation path.}

[17. The system recited in claim 15 wherein said second
exhaust gas recirculation path includes a second control valve
coupled between the exhaust portion and the intake portion of
the second exhaust gas recirculation path.}

[18. The system recited in claim 15 further comprising a
catalyst coupled to the exhaust side of the engine downstream
of the turbine.]

[19. The system recited in claim 15 further comprising a
particulate filter coupled to the exhaust side of the engine
downstream of the turbine.]

[20. The system recited in claim 15 further comprising an
intercooler coupled to the intake side of the engine down-
stream of the compressor.}

[21. The system recited in claim 20 further comprising a
throttle coupled to the intake side of the engine downstream
of the compressor and downstream of the intercooler.]

22. The system of claim I, wherein the second pulse of fuel
is injected before +20 crank-angle degrees after top-dead-
center (CA ATDC) of the engine cycle.

23. The system of claim 22, wherein the first pulse of fuel
begins at or before —10 crank-angle degrees after top-dead-
center (CA ATDC) of the engine cycle.

24. The system of claim 23, wherein the first pulse of fuel
begins between —90 and —10 crank-angle degrees after top-
dead-center (CA ATDC) of the engine cycle.

25. The system of claim I, wherein the first pulse of fuel
comprises between 5 and 25 percent of the fuel injected into
the combustion chamber during the engine cycle.

26. The system of claim I, further comprising a heat
exchanger coupled into the second exhaust-gas recivculation
system and configured to cool exhaust gas therein.

27. The system of claim I, further comprising a heat
exchanger coupled into the first exhaust-gas rvecirculation
system and configured to cool exhaust gas therein via a cool-
ant liquid.

28. The system of claim 1, further comprising a lean nitro-
gen-oxide catalyst coupled into the exhaust conduit down-
stream of the turbine.

29. The system of claim I, wherein the first operating
condition is predictive of increased nitrogen-oxide release

from the combustion chamber, and wherein the fuel injector is

65 further configured to inject fuel during a second operating

condition predictive of less nitrogen-oxide release from the
combustion chamber relative to the first operating condition.
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30. The system of claim 29, wherein the increased nitrogen-
oxide release comprises a spike in nitrogen-oxide release.

31. The system of claim 29, wherein the first valve is con-
figured to close during the first operating condition, thereby
restricting a flow of exhaust gas through the first exhaust-gas
recirculation system.

32. The system of claim 29, wherein the second valve is
configured to stay at least partly open during the first and
second operating conditions, thereby admitting exhaust gas
through the second exhaust-gas vecirvculation system.

33. The system of claim 1 wherein the second end of the
second exhaust-gas recirculation system is coupled to the
intake manifold upstream of the compressor.

34. The system of claim 5, wherein the controller is further
configured to close the first valve during said interval.

35. The system of claim 7, wherein the controller is further
configured to restrict exhaust flow through the first exhaust-
gas recirculation path durving the first or second operating
modes.

36. The system of claim 7, wherein during the first operat-

5
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ing mode, the first pulse of fuel is injected beginning at or 20

before —10 crank-angle degrees after top-dead-center (CA
ATDC) of the engine cycle, and the second pulse of fuel is
injected before +20 crank-angle degrees after top-dead-cen-

ter (CA ATDC) of the engine cycle.
37. The system of claim 7, wherein the first and second

operating modes overlap.

38. The system of claim 7, wherein the first and second
operating modes are entered upon in vesponse to first and
second conditions, respectively, the first and second condi-
tions predictive of increased nitrogen-oxide release from the
combustion chamber.

25
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39. The system of claim 38, wherein the increased nitrogen-
oxide release comprises a spike in nitrogen-oxide release.

40. The system of claim 38, further comprising injecting
fuel into the combustion chamber during a thivd operating
mode, wherein the thivd operating mode is entered upon in

response to a thivd condition, the thivd condition predictive of

reduced nitrogen-oxide velease from the combustion chamber
relative to the first and second conditions.

41. The system of claim 40, wherein the first ov second

condition comprises a fuel-injection demand exceeding a
threshold value, and wherein the third condition comprises
the fuel-injection demand being less than the threshold value.

42. The system of claim 40, wherein the first or second
condition comprises one ov more of an aiv-to-fuel ratio and an
exhaust-gas rvecirvculation flow rate falling below a threshold
value, and wherein the third condition comprises the one or
morve of the aiv-to-fuel vatio and the exhaust-gas recivculation
flow rate being above the threshold value.

43. The system of claim 40, wherein the first or second
condition comprises one or move of a manifold aiv pressure
exceeding a threshold rate of change and an engine load
decreasing, and wherein the thivd condition comprises one or
more of the manifold air pressurve not exceeding the threshold

rate of change and the engine load failing to decrease.
44. The system of claim 7, wherein the first pulse of fuel

forms a homogeneous lean mixture, and the second pulse of
fuel forms a stratified mixture.
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