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STRATEGY FOR FUELING A DIESEL ENGINE

Field of the

Disclosure

[0001]

This disclosure relates to a strategy for fueling a
compression ignition (diesel) internal combustion engine. More
specifically it relates to a strategy for more completely
combusting fuel in an engine cylinder so that smaller quantities
of soot and NOx are present in exhaust leaving the engine

cylinder.

Background

[0002]

[0003]

Premixed Charge Compression Ignition (PCCI) is a known
process for fueling a diesel engine in a manner that creates an
air-fuel charge inside an engine cylinder during a compression
upstroke of a piston during an engine cycle. After a desired
quantity of fuel for the charge has been injected into the
cylinder, the increasing compression of the charge by the
upstroking piston creates sufficiently large pressure to cause
auto-ignition of the charge as the piston is coming to top dead
center (TDC). Auto-ignition may occur as the substantially
simultaneous spontaneous combustion of vaporized fuel at
various locations within the mixture.

While PCCI is known to provide certain advantages for
limiting the creation of certain constituents in products of in-
cylinder combustion that affect tailpipe emissions, PCCI is
limited to use at relatively lighter engine loads and relatively

lower engine speeds. For relatively heavier engine loads and
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relatively higher engine speeds, conventional diesel (CD)
combustion is used. The nature of CD combustion inherently
generates soot that remains in the products of combustion
exhausted from the engine cylinders. In order to reduce the
amount of soot in tailpipe emissions, some engine exhaust
systems include diesel particulate filters for trapping soot. The
trapped soot is burned off either naturally as the engine operates
(natural regeneration) or by increasing exhaust temperature
through the burning of extra fuel (forced regeneration). The
burning of extra fuel reduces fuel economy of a vehicle that is
being driven by such as engine.

[0004] Processor-controlled fuel injection systems having high-
pressure fuel injectors, such as HEUI injectors, are capable of
controlling fuel injection with precision that allows fuel to be
injected at various injection pressures, at various times, and for
various different durations during an engine cycle. Certain fuel
injectors have been shown capable of developing injection
pressures as high as 3,300 to 3,600 bar. It is anticipated that
even higher maximum pressures will be achieved as further

development continues.

Summary of the Disclosure

[0005] The present disclosure relates to an engine having a fueling
strategy that utilizes high-pressure injection capabilities of
certain fuel injectors. When such a fuel injector fuels an engine
cylinder, its rate of injection (ROI) is controlled in a manner

that provides what may be considered as two injection phases.
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A first injection phase comprises injecting fuel into an engine
cylinder substantially at a maximum ROI by injecting fuel
substantially at maximum injection pressure that the fuel
injector can deliver. During this time, the fuel being injected
mixes with air that has been and/or is still being compressed by
the piston to create a premixed fraction of an air/fuel charge
that becomes increasingly homogenous, but that does not
combust. Before combustion occurs in the cylinder, a second
injection phase begins as the first injection phase is ending. The
first injection phase duration may also sometimes be referred to
as an Ignition Delay Period (IDP). The second injection phase
comprises controlling ROI by controlling injection pressure to
pressure which is significantly less than first phase injection
pressure. The fuel being injected during the second phase
creates charge stratification in the cylinder which triggers
autoignition, sometimes also referred to as Start Of Combustion
(SOC).

[0006] The point in an engine cycle at which autoignition occurs is
translated into data from Apparent Heat Release Rate (AHRR)
which is derived from measured cylinder pressure traces
through the First Law of Thermodynamics analysis. That data is
utilized by a control algorithm in an engine controller to control
at least one characteristic of the first injection phase and/or the
second injection phase in some way.

[0007] By injecting fuel substantially at maximum ROI during the
first phase and then decreasing ROI to a significantly lower

value during the second phase, a larger proportion of the total
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quantity of fuel injected during both phases can be injected
during the first phase and a smaller proportion during the
second phase. In this way a more homogenous mixture is
created in an engine cylinder before any combustion occurs,
enabling fuel to combust with less soot and less NOx
generation.

[0008] For any given engine cycle, the point, i.e. the crank angle, at
which autoignition occurs is ascertained by using information
from an appropriate combustion sensor. Data representing that
crank angle is used for feed-back control of at least one
characteristic of the first injection phase and/or the second
injection phase. If it is some characteristic of the second phase
that is being controlled, and if the response time of the sensor
and the processing time of the control algorithm are sufficiently
fast to provide sufficiently accurate data for that engine cycle,
that data can be used. However, if the response time of the
sensor and the processing time of the control algorithm are not
sufficiently fast, the data obtained during the immediately
preceding engine cycle can be used. If it is a characteristic of
the first phase of fuel injection that is being controlled, then the
data obtained during the immediately preceding engine cycle is
used.

[0009] The total quantity of fuel injected during the first and the
second phases is determined by engine speed and engine load.
Those factors are wused to determine the timing of
commencement of the first and second phases and the relative

proportions of fuel injected during each phase. The
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commencement and the duration of the first phase are
controlled with the objective of introducing as large a
proportion of the fuel during the first phase to promote mixing
while assuring that autoignition will not occur until some time
during the second phase. Hence, fuel injection will transition
from the first phase to the second phase in advance of
autoignition by a finite amount of time which may vary
depending on how the engine is being operated.

[0010] One aspect of the present disclosure relates to a
method of operating a compression ignition engine by fueling
an engine cylinder to create an in-cylinder air-fuel charge and
causing that charge to autoignite. The method comprises
operating a fuel injector to inject fuel into the engine cylinder
for substantially the entire duration of a first phase of fuel
injection at substantially the maximum injection pressure that
the fuel injector can deliver to create a premixed fraction of the
in-cylinder air-fuel charge prior to autoignition, and as the first
phase of fuel injection ends, transitioning fuel injection to a
second phase of fuel injection which commences in advance of
autoignition and which comprises operating the fuel injector to
inject fuel into the engine cylinder at injection pressure
significantly less than the maximum injection pressure that the
fuel injector can deliver.

[0011] Another aspect of the present disclosure relates to
a compression ignition engine comprising: an engine cylinder; a
fuel injector for fueling the engine cylinder to create an in-

cylinder air-fuel charge that combusts by autoignition; an
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engine controller for processing an algorithm to control
injection of fuel into the engine cylinder by the fuel injector, the
algorithm being effective to cause the fuel injector to inject fuel
into the engine cylinder for substantially the entire duration of a
first phase of fuel injection at substantially the maximum
injection pressure that the fuel injector can deliver to create a
premixed fraction of the in-cylinder air-fuel charge prior to
autoignition, the algorithm being further effective as the first
phase of fuel injection ends to transition fuel injection to a
second phase of fuel injection which commences in advance of
autoignition and which comprises operating the fuel injector to
inject fuel into the engine cylinder at injection pressure
significantly less than the maximum injection pressure that the
fuel injector can deliver.

[0012] Another aspect of the present disclosure relates to a method
of operating a compression ignition engine by fueling an engine
cylinder to create an in-cylinder air-fuel charge and to cause
that charge to autoignite. The method comprises: operating a
fuel injector to inject fuel into the engine cylinder at injection
pressure of at least of 3,000 bar for substantially the entire
duration of a first phase of fuel injection that commences within
a window that extends from substantially 30° before TDC (top
dead center) to substantially 10°deg after TDC to create a
premixed fraction of the in-cylinder air-fuel charge prior to
autoignition; and as the first phase of fuel injection ends,
transitioning fuel injection to a second phase of fuel injection

which commences in advance of autoignition and which
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comprises operating the fuel injector to inject fuel into the
engine cylinder at injection pressure significantly less than the
first phase injection pressure.

[0013] Another aspect of the present disclosure relates to a
compression ignition engine comprising: an engine cylinder; a
fuel injector for fueling the engine cylinder to create an in-
cylinder air-fuel charge that combusts by autoignition; and an
engine controller for processing an algorithm to control
injection of fuel into the engine cylinder by the fuel injector, the
algorithm being effective to cause the fuel injector to inject fuel
into the engine cylinder at injection pressure of at least 3,000
bar for substantially the entire duration of a first phase of fuel
injection that commences within a window that extends from
substantially 30° before TDC to substantially 10°deg after TDC
to create a premixed fraction of the in-cylinder air-fuel charge
prior to autoignition; the algorithm being further effective as the
first phase of fuel injection ends to transition fuel injection to a
second phase of fuel injection which commences in advance of
autoignition and which comprises operating the fuel injector to
inject fuel into the engine cylinder at injection pressure
significantly less than the first phase injection pressure.

[0014] The foregoing summary, accompanied by further detail of
the disclosure, will be presented in the Detailed Description
below with reference to the following drawings that are part of

this disclosure.
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Brief Description of the Drawings

[0015] Figure 1 is a schematic diagram of an engine cylinder
having a representative fuel injector.
[0016] Figure 2 is a timing diagram showing fuel injection by the

fuel injector during a portion of an engine cycle.

Detailed Description

[0017] Figure 1 shows a portion of a diesel engine 10 comprising an
engine cylinder 12 within which an engine piston 14 coupled by
a piston rod 16 to a crankshaft 18 reciprocates. A fuel injector
20 injects diesel fuel directly into engine cylinder 12 where the
fuel combusts in air that has been compressed by engine piston
14 to create pressure that forces the piston to downstroke and
impart torque to crankshaft 18 through piston rod 16.

[0018] Fuel injector 20 is representative of ones that are capable of
injecting fuel at maximum injection pressures of at least 3,000
bar. At maximum injection pressure, fuel injector 20 delivers
maximum ROI. Fuel injector 20 is also capable of injecting fuel
at significantly lower pressures that result in smaller ROL
Operation of fuel injector 20 is controlled by a processor-based
engine controller 22 that has a control algorithm which
processes various data according to a control strategy to control
timing and duration of fuel injections by fuel injector 20 and
injection pressure.

[0019] Figure 2 shows a fueling control strategy that comprises two

phases, a first phase 24 of fuel injection, and a second phase 26
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of fuel injection. The horizontal axis of Figure 2 represents a
portion of the engine cycle measured in either time or engine
crank angle for engine cylinder 12. The vertical axis of Figure 2
represents rate at which fuel is being injected into engine
cylinder 12 (ROI) by fuel injector 20.

[0020] During first phase 24, fuel injector 20 is operated to inject
fuel into engine cylinder 12 at a pressure of at least 3,000 bar.
When data representing the point of autoignition (i.e., SOC) is
used as a feed-back factor in that portion of the control strategy
that controls the crank angle at which first phase 24 begins, the
SOC data which is used is the SOC data obtained during the
immediately preceding engine cycle. The SOC data is
calculated via software that analyzes an in-cylinder pressure
trace measured by an appropriate sensor 28 shown in Figure 1.
This software is based on the analysis of the First Law of
Thermodynamics. The examples of different types of SOC
sensors are “knock” and “ionization” sensors.

[0021]  The entire first phase injection (except at the very beginning
and the very end) occurs at a substantially maximum ROI at
substantially the maximum injection pressure (MIP) that fuel
injector 20 can deliver. First phase 24 is shown rectangular in
shape but that shape may depart slightly from rectangular due
to inclined leading and trailing edges LE1 and TE1 that reflect
the response times of fuel injector 20 at the beginning and the
end of first phase 24. The area encompassed by first phase 24 in
Figure 2 represents the quantity of fuel injected during first
phase 24.
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[0022] During second phase 26, fuel injector 20 injects fuel into
engine cylinder 12 at pressure significantly lower than the first
phase pressure, and hence at significantly lower ROI. Second
phase 26 is shown rectangular in shape (representing
substantially constant ROI) but that shape may depart from
rectangular due to trailing edge TE2 which reflects the response
time of fuel injector 20 at the end of second phase 26.
Furthermore, ROI may vary during second phase 26 rather than
being substantially constant. The area encompassed by second
phase 26 in Figure 2 represents the quantity of fuel injected
during second phase 26.

[0023] During first phase 24, fuel being injected mixes with air that
has been and/or is still being compressed by piston 14. The air
may contain some re-circulated engine exhaust (EGR). The
mixture becomes increasingly homogenous as the phase
progresses, forming a premixed fraction of an air-fuel charge,
but the mixture does not combust.

[0024] Prior to autoignition, first phase 24 ends, and as first phase
24 is ending, second phase 26 begins. The fuel injected during
second phase 26 creates charge stratification in the cylinder
which at some crank angle in the engine cycle after
commencement of second phase 26 causes combustion to
begin. That crank angle may be before or at the end of second
phase fuel injection 26. Figure 2 shows an example of second
phase 26 beginning just slightly earlier than the point of
autoignition and continuing for a portion of the engine cycle

after autoignition.
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[0025] The point of transition from first phase 24 to second phase
26 is controlled by the control strategy’s use of data for various
engine operating parameters toward the objective of obtaining a
combustion event that meets desired engine performance, fuel
consumption, and emission targets.

[0026] By injecting fuel during first phase 24 at substantially the
maximum ROI of which fuel injector 20 is capable and then
decreasing ROI to a significantly lower value during second
phase 26, a larger proportion of the total quantity of fuel
injected during both phases 24, 26 can be injected during first
phase 24 and a smaller quantity during second phase 26. The
first phase creates a premixed charge containing a relatively
large quantity of fuel mixed with air throughout the charge
volume prior to the beginning of the second phase of injection.
The second phase creates stratification leading to autoignition
so that the overall effect of the two phases is to provide more
complete combustion than if cylinder 12 were being fueled
solely by conventional diesel (CD) combustion.

[0027]  The total quantity of fuel injected during first and second
phases 24, 26 is determined by factors that include at least
engine speed and engine load. Those factors control the
commencement and the duration of first phase 24 with the
objective of injecting as large a proportion of the fuel during
first phase 24 in order to promote mixing while at the same
time assuring that autoignition will not occur until some time
during second phase 26. Hence, fuel injection will transition

from first phase 24 to second phase 26 in advance of
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autoignition by a finite amount of time which can vary
depending on how engine 10 is being operated.

[0028] The control algorithm executed by engine controller 22
controls at least one characteristic of second phase 26. Those
characteristics include the injection pressure at which fuel is
injected during second phase 26 and the duration of the second
phase so that the appropriate quantity of fuel is added to the
quantity in the partially premixed charge created during first
phase 24 to provide the appropriate total fuel quantity that is
needed to deliver desired engine power

[0029] The foregoing has disclosed a method for fueling engine
cylinder 12 by operating fuel injector 20 to inject fuel into
cylinder 12 for substantially the entire duration of first phase 24
at substantially maximum injection pressure that the fuel
injector can deliver to create a premixed fraction of an air-fuel
charge that does not combust. The method transitions fuel
injection from first phase 24 to second phase 26 in advance of
autoignition, and it is during the latter phase that fuel injector
20 is operated to inject fuel into cylinder 12 at pressure which is
significantly less than the first phase injection pressure.

[0030] The foregoing has also disclosed a compression ignition
engine 10 comprising an engine cylinder 12, a fuel injector 20
for injecting fuel into engine cylinder 12, an engine controller
22 for controlling injection of fuel into engine cylinder 12 by
fuel injector 20, and an algorithm contained in engine controller
22 that is effective to cause fuel injector 20 to inject fuel into

engine cylinder 12 for substantially the entire duration of the
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first phase 24 of fuel injection at substantially the maximum
injection pressure that fuel injector 20 can deliver to create a
premixed fraction of an air-fuel charge that does not combust.
The algorithm transitions fuel injection from first phase 24 of
fuel injection to a second phase 26 of fuel injection in advance
of autoignition and it is during second phase 26 that fuel
injector 20 is operated to inject fuel into engine cylinder 12 at
pressure which is significantly less than the first phase injection
pressure.

[0031] The reader may notice that top dead center (TDC) is not
marked in Figure 2. That is because autoignition can be
controlled to occur before TDC and at other times after TDC.
What the control algorithm does is to control the crank angle at
which first phase 24 commences and to control the crank angle
at which the injection transitions from first phase 24 to second
phase 26 for causing autoignition to occur at a controlled crank
angle during second phase 26. The control algorithm also
causes the appropriate quantity of fuel to be injected during
each of the first and second phases 24, 26 to provide desired
engine power. The beginning of first phase 24 is controlled to
occur within a window beginning substantially at 30° before
TDC and ending substantially at 10° after TDC. The start of the
second phase 26 is a leading combustion timing control
parameter with SOC occurring at a particular point during the
second phase.

[0032] The specific crank angle at which first phase 24 ends and

second phase 26 begins, and the specific crank angle at which
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second phase 26 ends are determined by control algorithms in
engine controller 22 that process various data relevant to engine
fueling, such as engine speed and engine load. Hence, those
specific crank angles for the two phases can vary depending on
how engine 10 is being operated. While ROI during first phase
24 is set by the maximum injection pressure capability of fuel
injector 20, ROI during second phase 26 may be a variable that
is a function of how engine 10 is being operated. While the
feed-back use of data representing the point at which
autoignition occurred has been discussed above, non-feedback
control of first phase 24 is possible by using one or more look-

up tables.
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WHAT IS CLAIMED IS:

1. A method of operating a compression ignition engine by
fueling an engine cylinder to create an in-cylinder air-fuel charge and
to cause that charge to autoignite, the method comprising:

operating a fuel injector to inject fuel into the engine cylinder
for substantially the entire duration of a first phase of fuel injection at
substantially the maximum injection pressure that the fuel injector can
deliver to create a premixed fraction of the in-cylinder air-fuel charge
prior to autoignition; and

as the first phase of fuel injection ends, transitioning fuel
injection to a second phase of fuel injection which commences in
advance of autoignition and which comprises operating the fuel
injector to inject fuel into the engine cylinder at injection pressure
significantly less than the maximum injection pressure that the fuel

injector can deliver.

2. The method set forth in Claim 1 further comprising using a
sensor to provide data representing crank angle at which autoignition
occurs, and processing the data provided by the sensor to control at
least one variable characteristic of at least one of the first and second

phases of fuel injection.

3. The method set forth in Claim 2 in which processing the data

provided by the sensor comprises processing data representing the
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crank angle at which autoignition occurred during an immediately

preceding engine cycle.

4. The method set forth in Claim 1 in which the second phase of
fuel injection comprises operating the fuel injector to inject fuel into
the engine cylinder at injection pressure significantly less than the
maximum injection pressure that the fuel injector can deliver for

substantially the entire duration of the second phase of fuel injection.

5. The method set forth in Claim 1 comprising controlling at
least one variable characteristic of at least one of the first and second

phases of fuel injection as a function of engine speed and engine load.

6. The method set forth in Claim 5 in which controlling at least
one variable characteristic of at least one of the first and second
phases of fuel injection as a function of engine speed and engine load
comprises controlling the crank angle at which the first phase of fuel
injection commences to within a window that extends from

substantially 30° before TDC to substantially 10°deg after TDC.

7. The method set forth in Claim 6 in which the fuel injector is
operated to inject fuel into the engine cylinder for substantially the
entire duration of the first phase of fuel injection at an injection

pressure of at least of 3,000 bar.

8. A compression ignition engine comprising:

an engine cylinder;
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a fuel injector for fueling the engine cylinder to create an in-
cylinder air-fuel charge that combusts by autoignition;

an engine controller for processing an algorithm to control
injection of fuel into the engine cylinder by the fuel injector, the
algorithm being effective to cause the fuel injector to inject fuel into
the engine cylinder for substantially the entire duration of a first phase
of fuel injection at substantially the maximum injection pressure that
the fuel injector can deliver to create a premixed fraction of the in-
cylinder air-fuel charge prior to autoignition, the algorithm being
further effective as the first phase of fuel injection ends to cause
transitioning of fuel injection to a second phase of fuel injection
which commences in advance of autoignition and which comprises
operating the fuel injector to inject fuel into the engine cylinder at
injection pressure significantly less than the maximum injection

pressure that the fuel injector can deliver.

9. The compression ignition engine set forth in Claim 8 further
comprising a sensor for providing data representing crank angle at
which autoignition occurs, and in which the engine controller
processes the data provided by the sensor to control at least one
variable characteristic of at least one of the first and second phases of

fuel injection.

10. The compression ignition engine set forth in Claim 9 in
which the engine controller processes the data that was provided by

the sensor during an immediately preceding engine cycle.
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11. The compression ignition engine set forth in Claim 8 in
which the algorithm is effective to cause the fuel injector to inject fuel
into the engine cylinder at injection pressure significantly less than the
maximum injection pressure that the fuel injector can deliver for

substantially the entire duration of the second phase of fuel injection.

12. The compression ignition engine set forth in Claim 8 in
which the algorithm is effective to control at least one variable
characteristic of at least one of the first and second phases of fuel

injection as a function of engine speed and engine load.

13. The compression ignition engine set forth in Claim 12 in
which the algorithm is effective to control the crank angle at which
the first phase of fuel injection commences to within a window that
extends from substantially 30° before TDC to substantially 10°deg
after TDC.

14. The compression ignition engine set forth in Claim 13 in
which the fuel injector is operated to inject fuel into the engine
cylinder for substantially the entire duration of the first phase of fuel

at an injection pressure of at least of 3,000 bar.

15. A method of operating a compression ignition engine by
fueling an engine cylinder to create an in-cylinder air-fuel charge and
to cause that charge to autoignite, the method comprising:

operating a fuel injector to inject fuel into the engine cylinder at

an injection pressure of at least of 3,000 bar for substantially the entire
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duration of a first phase of fuel injection that commences within a
window that extends from substantially 30° before TDC to
substantially 10°deg after TDC to create a premixed fraction of the in-
cylinder air-fuel charge prior to autoignition; and

as the first phase of fuel injection ends, transitioning fuel
injection to a second phase of fuel injection which commences in
advance of autoignition and which comprises operating the fuel
injector to inject fuel into the engine cylinder at injection pressure

significantly less than the first phase injection pressure.

16. The method set forth in Claim 15 in which the second phase
of fuel injection comprises operating the fuel injector to inject fuel
into the engine cylinder at injection pressure significantly less than the
first phase injection pressure for substantially the entire duration of

the second phase of fuel injection.

17. A compression ignition engine comprising:

an engine cylinder;

a fuel injector for fueling the engine cylinder to create an in-
cylinder air-fuel charge that combusts by autoignition; and

an engine controller for processing an algorithm to control
injection of fuel into the engine cylinder by the fuel injector, the
algorithm being effective to cause the fuel injector to inject fuel into
the engine cylinder at injection pressure of at least 3,000 bar for
substantially the entire duration of a first phase of fuel injection that

commences within a window that extends from substantially 30°



WO 2012/148413 PCT/US2011/034495
20

before TDC to substantially 10°deg after TDC to create a premixed
fraction of the in-cylinder air-fuel charge prior to autoignition;

the algorithm being further effective as the first phase of fuel
injection ends to transition fuel injection to a second phase of fuel
injection which commences in advance of autoignition and which
comprises operating the fuel injector to inject fuel into the engine
cylinder at injection pressure substantially less than the first phase

injection pressure.
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AMENDED CLAIMS
received by the International Bureau on 22 March 2012 (22.03.2012)

WHAT IS CLAMED I

. A wethod of operating & comprossion ignition engine by fueling an engine
eylinder 1o create an in-eylinder aipfuel charge and o cnuse that charge o autoignite, the
method comprising:

aperating a fuel injector to lnject fuel into the engine oylinder for substantinily the
entive duration of o (st phase of foel mjection ® substantially the muimur injoction
prevsore that the fuel injecter can deliver o create o premixed fraction of the in-cylinder
air-fuel charge prios to autedgnition;

first phase of fuel injection ends, ransitfoning fuel fnjection 1© & second

phase of foel injeetion which commenees in advance of sutoignition and which comprises
pperating the feel Injecior o inject fuel ink the englne cylinder at injection prossie
siguificantly leas them the maximon injection prossure that the foel fnjecior can deliver,

sand wsing @ sonsor {o provide data ropreseating erank angle at winch avtoigrition seours,

ard processing the data provided by the seasor to control at least one variable

chavacteristic of at feast one of the first and second phuses of fuel injection.

2. The methed set forth in Cladm ©in which processing the data provided by the
sensor comprises processing daty roprescnting the crank angle & which sulolgnition
geourred dering an immediately preceding eagine eyole.

3. The method set fovth in Olaedm 1 in which the second phase of fuel imection
comprises operating the fuel injector 1o inject fuel fnto the engine oylinder at injection
prossure stgnificantly oss than the maximun injection pressure that the foel injector cun

deliver for substantially the entire durution of the seeond phase of fuel yjection,

4, The methuad set foath o Claim 1 oomprising controlling at least oue variable
characteriatie of a3 loast ong of the first and second phases of fnel Injection 6 a function

of engine speed and engine Inad.

&
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§. The method sot forth 1 Cladm 4 In which controliing af leust one variabde
charactertstic of ot least one of the first and second phases of fusd injeotion as a function

of engive speed and enghve foad comprises contreliing the crank angle st which the first

phase of fuel infection commences fo within a window that extends from substantighly
¥ bofore TRC 1o substantially 1 deg after TRC
&, The wethod sed forth in Claim § in which the fuel injeetor 1 operated © fnject

foel vy the engine a;:yii:';ﬂa:fr for 5;5%35;{&31{5&&%3’ the entire duration of the frst phase of fuel

T.A comprossion jgnition englng compeising:

an engine oylinder;

a fuel njecten for fucling the ongine cylinder o cronte an incvlinder air-fuel

charge thal combusis by aunignition;

an engine controller foy provessing an algorithm to control injection of fuel ot
the engine ovlinder by the fuel injoctor, the algarithm being offective 1o cause the fuel
fjector W inject fuel nte the pagine oylinder for substantially the enttre doration of a
first phuss of fuel injection at substuntially the mazimum injection pressire that the fuel
jjector can deliver © croate 2 promized fraction of the In-oylinder aie-fuel charge priorto
antoiguition, the sigorithm being fyther effective o the frst phase of fuel injection ends
{0 CRUSS ii“éﬁ%ﬁiiimliflg of fugl injection 1o a second phase of fuel injection which
comunences in advanos of sutoignition snd which comprises oporating the fuel injector o
injeet fuel Inte the ongine eviinder at injovtion pressure significantdy less than the
maxiymum injection pressure tha the fuel injector can deliver; and

& sensor for providing dats sepresenting orank angle at which amtoigaition ocours,
aud in which the engine controlier processes the dta provided by the sensor o control at
feast one varable churacteristie of at feast one of the fest and second phases of fuel

jection.
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8. The compression ignition cogine set Yorth in Cladm § i which the engine
controlier processes the data that was provided by the seasor during an bvsediately

preceding engine oyale,

B, The compression igaition cagine set forth i Clan § inowhoch the algorthm ig
affective t canse the fuel injecior o inject funl inte the engine ovlindey at injection
pressure significantly less than the maximam injection pressure that the fuel Injector can

chiver for substangally the eative doration of the second phase of fuel Injection.

rrat

10 The compression jgmition engine sat forth i Claim & i which the algorithm s
effective o control gt least one variable charnoteristio of at least one of the fist and

second phases of fool injection as o hnction of engioe speed asd engine load

PE The compression lgnition engine set forth i Cladm 103 which the algovithm
is pffective to control the orank angle at ehich the frst phisse of fuel injection
commences o within a window that extends from substantiatly 307 before TRU

substangially 1 deg afler TOO

£2. The compresston fgntlion engine set forth in Claim 11 in which the {oel
indector is operated 1o injeot Toel into the engine oylinder for substantially the entire

duration of the first phase of fuel at an injection pressure of at feast of 3 (K bar,

13, & method of operating & conupression ignition engine by fueling an sogine
eyhinder to cronte an feoylinder siv-fuel charge and o cause that charge o autcignite, the
method comprising

operating o fusl injector w injoct {uel Intg the engine eylinder 8t ag injection

pressure of at Jeast of 3,000 bar for substantially the entire duration of ¢ first phase of fuel

injection that commences within o window that extends from substantially 30° before
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TR 1o substantially Hdeg after TOC w orente o premixed faction of the in-cyiinder
siv-fuel chargs prive (0 sutolgniting; and

as the st phase of fuel injecton ends, transitioning fuel injection 1o a seeoad
phase of fust injfection which conmenees In advance of astoigmition and which comprises
operating the fuel injector to inject fuel e the engine eylinder af nfection prossare

stenificantly logs than the first phase injection prossare,

§4. The moethed set forth {n Claim 13 in which the second phase of fuel injection
cennprises operating the fuel Injoctor o nject fuel intn the engine coylinder ol jection
pressure significantly less than the first phase injection pressure for subsiuntally the

gutire duration of the second phase of fuel injection,

13, A conupression ignition eagine comprising:

an gagine oylindon

& fuel njeetor for fucling the engive oylinder fo create s in-cylinder alr-fue]
charge that combusts by suioignition; and

an engine conwraller for processing an algorithm to control fnjection of foel into
the engine cylinder by the fuel injecios, the algorithr belng effective to vause the fugd

mjector (o inject fued into the engine cylinder at injection pressure of af Jeast 3000 bar for

substantially the satie duration of a first phase of fuel mjection that commences within a
windew that extends from sobstantially 30° before TRC o substantiaily H¥deyg after
TR (o create s promixed fraction of the ecylinder air-fue! churge prior (o astoignition;

the algorithm being funber effective as the fest phase of fuel injection ends to

mansition fuel injection o a second phase of fuel injection which commences in advanee

of avtoignition and which comprises operating the fuel injector 1o injact fuel Intn the
engine oviinder at injoction pressure substantially less than the frst phase injection

PEESHNTS,
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