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(57) ABSTRACT

A Tuel 1injection control system and method for delivering
multiple fuel injections to a cylinder of an engine during a
fuel 1njection event based upon engine operating conditions,
the control system including an electronic controller coupled
to an electrically controlled fuel injector, and a plurality of
sensors coupled to the controller for inputting certain signals
representative of certain engine operating conditions of the
engine, the controller being operable to output a fuel 1njec-
tion signal to the fuel injector to deliver a first, a second, and
a third fuel shot to the cylinder during a fuel 1njection event
based upon the sensor signals. The controller also delivers
cach of the multiple fuel injection shots within defined
cylinder piston displacement parameters during a particular
piston stroke, within defined fuel apportionment limaits, and
within defined delay limits between each respective fuel shot
so as to control exhaust emissions.

34 Claims, 5 Drawing Sheets
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METHOD AND APPARATUS FOR
DELIVERING MULTIPLE FUEL
INJECTIONS TO THE CYLINDER OF AN
INTERNAL COMBUSTION ENGINE

Matter enclosed in heavy brackets [ ] appears in the
original patent but forms no part of this reissue specifi-
cation; matter printed in italics indicates the additions
made by reissue.

This application 1s a continuation application of U.S.
patent application Ser. No. 09/961,3585 now U.S. Pat. No.
6,491,018 filed Sep. 24, 2001, which 1s a divisional appli-
cation of U.S. patent application Ser. No. 09/616,123 filed
Jul. 13, 2000, now 1ssued as U.S. Pat. No. 6,467,452 B1.

TECHNICAL FIELD

This mnvention relates generally to electronically con-
trolled fuel injection systems and, more particularly, to a
method and apparatus for delivering multiple fuel 1njections
to the cylinder of an internal combustion engine during a
tuel mnjection event based upon engine operating conditions.

BACKGROUND ART

Electronically controlled fuel injectors are well known in
the art including both hydraulically actuated electronically
controlled fuel injectors as well as mechanically actuated
clectronically controlled fuel injectors. Electronically con-
trolled fuel injectors typically inject fuel into a specific
engine cylinder as a function of an injection signal received
from an electronic controller. These signals include wave-
forms that are indicative of a desired injection rate as well
as the desired timing and quantity of fuel to be mjected into
the cylinders.

Emission regulations pertaining to engine exhaust emis-
sions are becoming more restrictive throughout the world
including, for example, restrictions on the emission of
hydrocarbons, carbon monoxide, the release of particulates,
and the release of nitrogen oxides (NO, ). Tailoring the
number of injections and the injection rate of fuel to a
combustion chamber, as well as the quantity and timing of
such fuel 1njections, 1s one way m which to control emis-
sions and meet such emission standards. As a result, split
fuel 1mjection techniques have been utilized to modity the
burn characteristics of the combustion process 1n an attempt
to reduce emission and noise levels. Split injection typically
involves splitting the total fuel delivery to the cylinder
during a particular injection event into two separate fuel
injections such as a pilot 1injection and a main injection. At
different engine operating conditions, 1t may be necessary to
use different imjection strategies in order to achieve both
desired engine operation and emissions control. As used
throughout this disclosure, an injection event 1s defined as
the 1njections that occur 1n a cylinder during one cycle of the
engine. For example, one cycle of a four cycle engine for a
particular cylinder, includes an intake, compression,
expansion, and exhaust stroke. Therefore, the mnjection event
in a four stroke engine includes the number of 1jections, or
shots, that occur 1n a cylinder during the four strokes of the
piston. The term shot as used 1n the art may also refer to the
actual fuel 1injection or to the command current signal to a
tuel 1njector or other fuel actuation device indicative of an
injection or delivery of fuel to the engine.

In the past, the controllability of split imjections has been
somewhat restricted by mechanical and other limitations
associated with the particular types of injectors utilized. In
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addition, in some embodiments, such as disclosed in the
U.S. Pat. No. 5,740,775, the total tuel quantity associated
with a split injection 1s apportioned such that approximately
50% of the fuel 1s associated with the first fuel shot and
approximately 50% of the fuel 1s associated with the second
tuel shot. Under the more restrictive emissions regulations
of today, this fuel partitioning strategy yields higher than
desirable hydrocarbons and excessive fuel dilution of the oil.
Even with more advanced electronically controlled
injectors, during certain engine operating conditions, it 1s
sometimes diflicult to accurately control fuel delivery, even
when utilizing current control signals.

In addition, some spark ignited engines incorporate split
injection fuel strategies, such as disclosed 1n the U.S. Pat.
No. 5,609,131. However, in order to achieve desired ignition
timing utilizing a spark or glow plug, these engines are
restricted in the manner of fuel distribution among the shots,
thereby reducing their eflectiveness with regard to reducing
engine emissions.

Desired engine performance 1s not always achieved at all
engine speeds and engine load conditions using the previ-
ously known fuel injection strategies. Based upon engine
operating conditions, the injection timing, fuel flow rate and
the injected fuel volume are desirably optimized 1n order to
achieve minimum emissions and desired fuel consumption.
This 1s not always achieved 1n a split 1njection system due
to a variety of reasons, including limitations on the different
types ol achievable injection wavelorm types, the amount of
tuel 1mjected during the pilot shot, when the two injections
take place during the particular imjection event, and the
timing sequence between the two injections. As a result,
problems such as injecting fuel at a rate or time other than
desired within a given injection event and/or allowing fuel
to be 1njected beyond a desired stopping point can adversely
aflect emission outputs and fuel economy.

It 1s therefore desirable to control and deliver any number
ol separate fuel 1njections to a particular cylinder including
three or more fuel shots so as to minimize emissions and fuel
consumption based upon the operating conditions of the
engine at that particular point in time. This may include
splitting the fuel 1njection mto more than two separate fuel
shots during a particular injection event, providing a specific
fuel quantity relationship between the respective fuel shots
in a particular injection event based upon the number of fuel
shots associated therewith, advancing the pilot shot during
the compression stroke, delivering the respective fuel shots
within defined crank angle or cylinder piston displacement
limits, and adjusting the timing between the various multiple
tuel injections 1n order to achieve desired emissions and fuel
consumption. In some situations, it 1s also desirable to rate
shape the front end of the fuel delivery to the cylinder to
control the burn characteristics of the particular fuel being
utilized and, in other situations, 1t may be desirable to rate
shape the tail end of the fuel delivery to the cylinder to
achieve desired emissions control and engine performance.

Accordingly, the present imvention 1s directed to over-
coming one or more of the problems as set forth above.

DISCLOSURE OF THE INVENTION

In one aspect of the present invention there 1s disclosed an
clectronically controlled fuel imjection system which 1is
capable of delivering multiple fuel 1njections to a particular
cylinder of an internal combustion engine during a single
injection event. The present system includes means for
variably providing multiple separate fuel injections or fuel
shots during a fuel injection event depending upon the
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operating conditions of the engine including engine speed
and engine load. In this regard, 1n one embodiment, fuel 1s
apportioned between a first or pilot shot, a second or main
shot, and a third or anchor shot, each separate fuel 1injection
shot being delivered when the cylinder piston i1s located
within a determined range during a particular piston stroke.
In another embodiment, fuel 1s apportioned between the
multiple fuel shots 1n accordance with a specific fuel quan-
tity relationship. The present system also includes means for
varying the timing and fuel quantity associated with each
tuel injection as well as the time iterval between the various
tuel 1njection shots based upon the operating conditions of
the engine.

Under certain operating conditions, the proximity of the
main and anchor shots and the resultant internal injector
hydraulics leads to a rate shaping effect of the third or anchor
injection. As a result, although the first or pilot 1njection,
when used, 1s typically a distinct 1injection as compared to
the second and third injections, a distinct third injection 1s
not always apparent. Depending upon such factors as ambi-
ent operating conditions, engine speed, engine load, desired
engine performance, desired emissions, and still other
factors, 1n certain situations, a split mode of operation
between the second and third injections may be advanta-
geous whereas 1n other situations a rate shaping effect or
boot mode of operation between the second and third
injections may be advantageous.

These and other aspects and advantages of the present
invention will become apparent upon reading the detailed
description 1n connection with the drawings and appended
claims.

BRIEF DESCRIPTION OF THE DRAWINGS

For a better understanding of the present invention, ref-

erence may be made to the accompanying drawings in
which:

FIG. 1 1s a typical schematic view of an electronically
controlled mjector fuel system used in connection with one
embodiment of the present invention;

FIG. 2 1s a schematic profile of a three shot fuel 1njection
event;

FIG. 3 1s a chart 1llustrating an example of the imjection
strategies for steady state emissions taken at certain engine

operating conditions based upon engine speed and engine
load;

FIG. 4 1s a schematic diagram of an exemplary current
wavelorm for a three shot injection event; and

FIG. 5 1s an exemplary schematic illustration of one
embodiment of a control system for adjusting the parameters
of a fuel 1njection event based upon ambient conditions.

BEST MODE FOR CARRYING OUT TH.
INVENTION

Referring to FIG. 1, there 1s shown one embodiment of a
hydraulically actuated electronically controlled fuel injec-
tion system 10 1n an exemplary configuration as adapted for
a direct-1njection compression 1gnition engine 12, preferably
having a fixed compression ratio. The present mvention
applies to direct-injection compression 1gnition engines
capable of running at any engine speeds, including low,
medium, high, and very high engine speeds. Very high
engine speeds includes engines running at 4000 rpm and
above. Fuel system 10 includes one or more electronically
controlled fuel 1injection devices, illustrated as fuel 1injectors
14 in this embodiment, which are adapted to be positioned
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4

in a respective cylinder head bore of the engine 12. While
the embodiment of FIG. 1 applies to an 1n-line six cylinder
engine, 1t 1s recognized and anticipated, and it 1s to be
understood, that the present invention 1s also equally appli-
cable to other types of engines such as V-type engines and
rotary engines, and that the engine may contain any plurality
of cylinders or combustion chambers. In addition, while the
embodiment of FIG. 1 also 1llustrates a hydraulically actu-
ated electronically controlled fuel injector system, it 1s
likewise recognized and anticipated that the present inven-
tion 1s also equally applicable to other types of fuel injection
devices, including electronically controlled injectors, and
mechanically actuated electronically controlled injector
umts as well as fluid activated common rail type fuel
injection systems with digitally controlled fuel valves.

The fuel system 10 of FIG. 1 includes an apparatus or
means 16 for supplying actuation fluid to each injector 14,
an apparatus or means 18 for supplying fuel to each injector,
clectronic control means 20 for controlling the tuel 1njection
system including the manner and frequency in which fuel 1s
injected by the mnjectors 14 including timing, number of
injections per injection event, fuel quantity per injection,
time delay between each injection, and the injection profile.
The system may also include apparatus or means 22 for
recirculating fluid and/or recovering hydraulic energy from
the actuation flmd leaving each injector 14.

The actuating fluid supply means 16 preterably includes
an actuating fluid sump or reservoir 24, a relatively low
pressure actuating tfluid transier pump 26, an actuating fluid
cooler 28, one or more actuation fluid filters 30, a high
pressure pump 32 for generating relatively high pressure in
the actuation fluid, and at least one relatively high pressure
actuation fluid manifold or rail 36. A common rail passage
38 15 arranged 1n fluid communication with the outlet from
the relatively high pressure actuation fluid pump 32. A rail
branch passage 40 connects the actuation fluid inlet of each
injector 14 to the high pressure common rail passage 38. In
the case of a mechanically actuated electronically controlled
injector, manifold 36, common rail passage 38 and branch
passages 40 would typically be replaced with some type of
cam actuating arrangement or other mechanical means for
actuating such injectors. Examples of a mechanically actu-

ated electronically controlled fuel injector unit are disclosed
in U.S. Pat. Nos. 5,947,380 and 35,407,131.

Apparatus 22 may include a waste accumulating fluid
control valve 50 for each injector, a common recirculation
line 52, and a hydraulic motor 54 connected between the
actuating fluid pump 32 and recirculation line 52. Actuation
fluid leaving an actuation fluid drain of each injector 14
would enter the recirculation line 52 that carries such tiuid
to the hydraulic energy recirculating or recovering means
22. A portion of the recirculated actuation tluid 1s channeled
to high pressure actuation fluid pump 32 and another portion
1s returned to actuation fluid sump 24 via recirculation line

34.

In a preferred embodiment, the actuation fluid 1s engine
lubricating o1l and the actuating fluid sump 24 1s an engine
lubrication o1l sump. This allows the fuel injection system to
be connected as a parasitic subsystem to the engine’s
lubricating o1l circulation system. Alternatively, the actuat-
ing fluid could be fuel or some other type of liqud.

In the illustrated embodiment, the fuel supply means 18
includes a fuel tank 42, a tuel supply passage 44 arranged 1n
fluid communication between the fuel tank 42 and the fuel
inlet of each injector 14, a relatively low pressure fuel
transier pump 46, one or more fuel filters 48, a fuel supply
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regulating valve 49, and a tuel circulation and return passage
47 arranged 1n fluid communication between each injector
14 and fuel tank 42. In an alternative embodiment, the fuel
supply means 18 may vary to support the needs of different
fuel 1njection devices, such as digitally controlled fuel
valves.

Electronic control means 20 preferably includes an elec-
tronic control module (ECM) 56, also referred to as a
controller, the use of which 1s well known 1n the art. ECM
56 typically includes processing means such as a microcon-
troller or microprocessor, a governor such as a proportional
integral derivative (PID) controller for regulating engine
speed, and circuitry including input/output circuitry, power
supply circuitry, signal conditioning circuitry, solenoid
driver circuitry, analog circuits and/or programmed logic
arrays as well as associated memory. The memory 1s con-
nected to the microcontroller or microprocessor and stores
istruction sets, maps, lookup tables, variables, and more.
ECM 56 may be used to control many aspects of fuel
injection including (1) the fuel injection timing, (2) the total
tuel injection quantity during an mjection event, (3) the tuel
injection pressure, (4) the number of separate injections or
tuel shots during each 1njection event, (5) the time intervals
between the separate injections or fuel shots, (6) the time
duration of each injection or fuel shot, (7) the fuel quantity
associated with each injection or fuel shot, (8) the actuation
fluid pressure, (9) current level of the injector wavetorm,
and (10) any combination of the above parameters. Each of
such parameters are variably controllable independent of
engine speed and load. ECM 56 receirves a plurality of
sensor mput signals S,-S, which correspond to known
sensor inputs such as engine operating conditions including
engine speed, engine temperature, pressure of the actuation
fluid, cylinder piston position and so forth that are used to
determine the precise combination of 1njection parameters
for a subsequent injection event.

For example, an engine temperature sensor 58 1s illus-
trated 1n FIG. 1 connected to engine 12. In one embodiment,
the engine temperature sensor mcludes an engine o1l tem-
perature sensor. However, an engine coolant temperature
sensor can also be used to detect the engine temperature. The
engine temperature sensor 58 produces a signal designated
by S, m FIG. 1 and 1s mputted to ECM 56 over line S,. In
the particular example illustrated in FIG. 1, ECM 56 1ssues
control signal S, to control the actuation fluid pressure from
pump 32 and a fuel mjection signal S,, to energize a
solenoid or other electrical actuating device within each fuel
injector thereby controlling fuel control values within each
injector 14 and causing fuel to be 1njected into each corre-
sponding engine cylinder. Each of the injection parameters
are variably controllable, independent of engine speed and
load. In the case of the fuel 1njectors 14, control signal S, ,
1s a fuel 1injection signal that 1s an ECM commanded current
to the 1njector solenoid or other electrical actuator.

It 1s recognized that the type of fuel injection desired
during any particular fuel injection event will typically vary
depending upon various engine operating conditions. In an
cllort to improve emissions, it has been found that delivering
multiple fuel injections to a particular cylinder during a fuel
injection event at certain engine operating conditions
achieves both desired engine operation as well as emissions
control. FIG. 2 illustrates a multiple injection including three
separate fuel injections, namely, a first fuel 1njection or pilot
shot 60, a second fuel injection or main shot 62, and a third
tuel injection or anchor shot 64. As illustrated 1n FIG. 2, the
pilot shot 60 1s injected into the combustion chamber in
advance of the main shot 62 by some determined time factor,
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crank angle or main delay 61, and the anchor shot 1is
sequences after the main shot 62 based upon a predeter-
mined time factor, crank angle or anchor delay 63. In
addition, established timing of each shot may be determined
bases upon a desired piston position of each shot. Based
upon programming associated with electronic controller 56
as well as a variety of different maps and/or lookup tables
stored within the memory of controller 36 including maps
and/or tables relating to engine speed, engine load, the
pressure associated with rail passage 38 (rail pressure),
desired total fuel quantity and other parameters, controller
56 will be able to dynamically determine the appropriate
number of fuel shots, the quantity of fuel desired for each
tuel shot 60, 62 and 64 and partition the same accordingly,
and 1t will be able to determine the timing and duration of
cach individual shot as well as the anchor delay 63. In the
three shot multiple 1njection depicted 1n FIG. 2, a portion of
the total fuel to be delivered to the combination chamber will
be injected as the pilot shot 60, a portion of such total fuel
will be imjected as the main shot 62, and the remaining
portion of the total fuel to be 1njected will be 1njected as the
anchor shot 64. In an alternative embodiment, the prioriti-
zation strategy for determining the distribution of fuel
among the shots may vary, while maintaining the desired
distribution relationships described herein. Under certain
engine conditions, a three shot multiple fuel mjection has
provided advantages 1n terms ol exhaust emissions, includ-
ing reduced particulate emissions and/or reduced NO_ emis-
sions as well as desired engine performance, as will be
hereinafter explained.

FIG. 3 illustrates an example of one embodiment of
injection strategies for steady state emissions for a selected
engine at certain engine operating conditions based upon
engine speed and engine load. The numbers 1n FIG. 3 are for
illustrative purposes only and may change for each engine
and rating 1n a given engine family. As can be seen from
FIG. 3, the mjection strategies illustrated 1n FIG. 3 disclose
the various multiple injection events including three shot
multiple events which will yield desired emissions control as
well as desired engine performances at the various engine
speeds and engine loads depicted therein. Engine load 1s the
amount ol work being performed by the engine at a par-
ticular point in time and 1s generally defined 1n terms of rated
engine load or work capacity. Engine load can be measured
by a wide variety of different methods known 1n the art such
as by using the total quantity of fuel delivered to the engine
for a particular task or work operation as an indicator of
engine load. As noted 1in FIG. 3, the number of shots, the
quantity of fuel associated with each of the first, second and
third shots, the timing delay sequence between shots, the rail
pressure and the displacement or position of the piston
during the compression and power strokes may vary based
upon engine speed and engine load.

Retferring to FIG. 3 the letters RP represent rail pressure
(1n units of MPa), the numbers within the boxes represent
the fuel quantity associated with that particular fuel shot (in
mm"), the numbers below the horizontal line represent the
displacement of the piston during a particular stroke (the
positive numbers referring to the number of degrees before
top dead center (BTDC) and the negative numbers referring
to the number of degrees after top dead center (ATDC)), and
the number located between and above the second and third
shots represents the electronic time delay or anchor delay
between the second and third shots. Referring to multiple
injection event 66 (FIG. 3) at an engine speed ol approxi-
mately 1,500 RPM and an engine load of approximately %
of rated engine load, the number 21 associated with the first
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or pilot shot 60 represents 21 cubic millimeters of fuel to be
allocated to the pilot shot at a rail pressure of 12.5 MPa
(megapascals) during this particular injection event, whereas
only si1x cubic millimeters of fuel are electronically allocated
to the second or main shot 62. The third or anchor shot 64

will then receive the remaining amount of total fuel deter-
mined for this particular event based upon engine speed,
engine load and other parameters. The number 0.42 1n
injection event 66 represents a 0.42 millisecond delay 1n
current being supplied to the mjector solenoid between the
second and third shots (anchor delay). The number 47
located below pilot shot 60 1ndicates that the pilot shot will
take place when the cylinder piston 1s located at or corre-
sponds to approximately 47° before top dead center during
the compression stroke. Similarly, the second or main shot
will take place when the cylinder piston 1s located at or
corresponds to approximately 3° before top dead center
during the compression stroke, and the third or anchor shot
will take place when the cylinder piston 1s located at or
corresponds to approximately 7° after top dead center during
the power stroke.

Although the pilot advance or main delay between the
pilot shot 60 and the main shot 62 i1s not indicated on the
various 1njection events depicted i FIG. 3, the pilot injec-
tion can typically occur anywhere from 3 to 8 milliseconds
in advance of the main injection depending upon the main
injection timing and engine speed. Alternatively, in one
embodiment, the pilot shot may occur early 1in the compres-
sion stroke. As can be seen from a review of the various
injection events depicted i FIG. 3, and in particular the
three shot injection events, the quantity of fuel partitioned to
cach individual shot, the rail pressure, the anchor delay, and
the angular displacement of the cylinder piston with respect
to each individual shot may vary based upon the operating
conditions of the engine. All of the injection events depicted
in FIG. 3 were determined by an electronically controlled
tuel system similar to the system 10 depicted 1n FIG. 1 and

all such 1njection events produced improved exhaust emis-
S101S.

Referring again to FIG. 3, it can be seen that the number
of fuel injections may be dynamically reduced during vary-
ing speed or load conditions. For example, only two 1njec-
tion shots may be desired at an engine load condition of %
ol rated engine load to achieve desired exhaust emissions. In
this case, the pilot shot has been eliminated and the main
shot and anchor shot are sequenced in accordance with the
parameters indicated i FIG. 3. For example, referring to
injection event 68 which represents a typical injection event
for a given engine type at approximately 1800 RPM and an
engine load of approximately 7 of rated engine load, 5.5
cubic millimeters of fuel 1s allocated to the main shot and the
remaining amount of total fuel determined for this particular
event will be allocated to the anchor shot. Fuel will be
delivered at a rail pressure of 13.5 MPa during this particular
injection event and a delay of 0.55 mulliseconds 1n the
current being supplied to the injector solenoid or other
clectrical actuating device will take place between the main
and anchor shots. Also, the main shot will occur when the
cylinder piston 1s located at or corresponds to approximately
1° before top dead center during the compression stroke
whereas the anchor shot will take place when the cylinder
piston 1s located at or corresponds to approximately 13° after
top dead center during the power stroke. Under these par-
ticular operating conditions, it 1s also generally advanta-
geous and desirable for emission purposes to allocate a
smaller amount of fuel to the main shot and a larger amount
of fuel to the anchor shot. A smaller main shot and a large
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anchor shot split injection strategy can therefore provide
advantages in terms of exhaust emissions, including reduced
particulate emissions and/or reduced NO, emissions at rela-
tively low engine loads without going to a three shot
injection event. In fact, 1t has been found that 1f a three shot
injection 1s utilized at certain low engine loads, an increase
in hydrocarbons (HC) as compared to just a main and anchor
shot occurs due to the impingement of the pilot shot onto the
cylinder walls. As a result, a split injection method (main
and anchor shot only) often times yields better emission
results 1n this engine operating range. The present control
system can therefore dynamically adapt to the engine oper-
ating conditions and dynamically determine the number of
tuel shots, the quantity and placement of each such shot and
the other associated injection parameters accordingly.

Although FIG. 3 illustrates an example of the multiple
injection events associated with a particular engine and a
particular set of electronically controlled fuel injection
devices at certain engine operating conditions, 1t 1S recog-
nized and anticipated that these 1injection strategies will vary
depending upon the type of engine and fuel injection devices
utilized, the type of fuel used, and other parameters. In this
regard, 1t has been found that where a three shot injection
event 1s utilized, 1n one embodiment, the pilot shot or first
injection 60 may occur anywhere from 3 to 8 milliseconds
in advance of the main shot or second 1njection 62, although
other time intervals between such fuel shots may be neces-
sary due to engine speed, engine type and other parameters.
Depending upon the main injection timing, in one
embodiment, the pilot shot will typically take place when the
cylinder piston 1s displaced or located in a range from
approximately 35° to approximately 75° belore top dead
center during the compression stroke. Similarly, 1n one
embodiment, the main injection or second shot 62 will
typically occur when the cylinder piston 1s displaced or
located 1n a range from approximately 30° before top dead
center during the compression stroke to approximately 15°
alter top dead center during the power stroke, and the anchor
injection or third shot 64 will typically occur when the
cylinder piston 1s displaced or located in a range from
approximately 8° before top dead center during the com-
pression stroke to approximately 18° after top dead center
during the power stroke. In like fashion, the anchor 1njection
or shot 64 typically occurs as a fixed delay from the end of
the main 1njection 62. In one embodiment, this delay may be
a delay of approximately 0.20 to 0.75 milliseconds. All of
these 1njection parameters are dependent upon engine oper-
ating conditions as well as other factors such as engine size
and type.

-

I'ypically, the pilot injections are approximately 5% to
40% of the total fuel delivered in the injectors during a
particular 1njection event, the main 1njections are approxi-
mately 3% to 40% of the total fuel delivered during a
particular injection event, and the anchor injection will
include the remaining total fuel to be delivered during a
particular 1njection event. Generally, and 1n the preferred
embodiment, the quantity of fuel associated with the pilot
shot 1s greater than the quantity of fuel associated with the
main shot but less than the quantity of fuel associated with
the anchor shot. In other words, the main fuel shot generally
has the smallest quantity of fuel and the anchor fuel shot
generally has the largest quantity of fuel, the quantity of fuel
associated with the pilot shot being generally therebetween.
For example, at a medium to heavy engine load (34 to full
load) and a generally high engine speed, an exemplary fuel
quantity relationship between the respective fuel shots may
be such that the pilot shot may have 20% of the fuel, the
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main shot may have 10% of the fuel, and the anchor shot
may have 70% of the fuel. In an alternative embodiment, and
in accordance with the fuel quantity relationship discussed
above, fuel may be apportioned such that the pilot shot
receives approximately 15% to 25% of the total fuel
delivered, the main shot receives approximately 5% to 10%
of the total fuel delivered, and the anchor shot receives the
remaining fuel to be delivered, that 1s, approximately 60% to
80% of the total fuel delivered. Other distribution ranges are
likewise possible wherein the fuel quantity associated with
the pilot shot 1s greater than the fuel quantity associated with
the main shot but less than the fuel quantity associated with
the anchor shot. Although it 1s generally desirable to main-
tain this fuel quantity relationship between the respective
fuel shots, 1t 1s recognized and anticipated that other tuel
quantity relationships may be desired depending upon
engine operating conditions, the type of engine and speciiic
tuel myection system being utilized, and other parameters.
However, 1n this regard, 11 too much fuel 1s allocated to the
pilot shot such as approaching 50% of the fuel, an increase
in hydrocarbons (HC) will occur thereby undesirably
increasing emissions. However, to achieve the desired com-
pression 1gnition, the pilot shot should have enough fuel
associated therewith for pre-ignition to occur via compres-
sion and without the use of a spark or glow plug.

A three shot fuel 1njection event can be used at typical
engine loads of approximately 30% or greater at all engine
speeds. Below an engine load of approximately 30%, includ-
ing 1dle conditions, typically only main and anchor injec-
tions are utilized for the reasons explained above. At all
operating conditions depicted in FIG. 3, the multiple injec-
tion timings and fuel quantities as well as the delays between
multiple 1njections and the injection pressure are determined
for desired emissions and fuel consumption. An oxidation
catalyst or deNox catalyst can also be used for hydrocarbon
(HC) and carbon monoxide (CO) cleanup to even further
improve exhaust emissions.

As fuel and air are compressed during the compression
stroke, the compression pressure mixes the fuel and air
betore combustion or light off. In this regard, based upon the
quantity of fuel allocated to the pilot shot, the pilot fuel/air
mixture will typically be combusted sometime during the
compression stroke. In one embodiment, it has been found
that the pilot fuel/air mixture will combust 1n a compression
ignition engine during the compression stroke when the
cylinder piston 1s displaced between a range from approxi-
mately 20° to approximately 12° before top dead center
independent of when the pilot shot was 1njected into the
cylinder. It 1s recognized and anticipated that combustion
may occur outside of this range due to several factors
including the fuel quantity associated with the pilot shot, the
rail or injector pressure, air intake, engine speed, engine load
and other parameters. The subsequent fuel shots associated
with a multiple fuel imjection, such as the main and/or
anchor shot, may be delivered directly into the flame front
of the pilot shot combustion. This can be desirable depend-
ing upon engine operating conditions because such fuel will
be more thoroughly combustible when 1njected into the pilot
flame front. In addition, depending upon engine operating
conditions, 1t 1s possible to 1inject the main shot either before
or after the pilot shot combustion.

An exemplary current wavelorm for a three shot injection
event 1s illustrated i FIG. 4 showing a first or pilot shot
control signal 70, a second or main shot control signal 72, a
third or anchor shot control signal 74, a main delay signal 76
between the pilot and main shots, and an anchor delay signal
78 between the main and anchor shots. The duration of each
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of the control signals 70, 72 and 74 can be varied by ECM
56, and the duration of delays 76 and 78 can likewise be
controlled by ECM 56. A correlation to the cylinder piston
position (angular displacement) relative to top dead center 1s
likewise indicated in the lower portion of FIG. 4. In one
embodiment, the timing and duration of the main shot 1s
determined and set by ECM 56 and the timing and duration
of the pilot shot and anchor shot are thereafter determined
based upon the main shot timing. In this regard, the start of
the pilot shot will typically be determined based upon
known parameters such as the main shot timing and pilot
advance and the anchor shot timing will be just a time delay
based upon termination of the main shot. Other methods for
determining the various parameters associated with the three
fuel 1njection shots are likewise recognized and anticipated.

FIG. 4 also 1illustrates the pull-in and hold-in current-
levels associated with a typical hydraulically actuated elec-
tronically controlled fuel injector. When using hydraulically
actuated electronically controlled fuel 1njectors, the injection
signal includes generally a two-tier form that includes a
pull-in current level and a generally lower hold-in current
level. The higher pull-in current 1s used to quickly open the
tuel injector and thereby decrease the response time, that is,
the time between the itiation of a fuel injection signal and
the time 1n which fuel actually begins to enter the engine
cylinder. Once fuel 1njection has commenced, a lower level
hold-1n current can be used to hold the injector open for the
remainder of the injection event. The pilot, main and anchor
pull-in durations are likewise illustrated 1n the representative
current wavelorm depicted in FIG. 4. Based upon engine
operating conditions, the type of fuel and fuel injectors being
utilized, and other parameters, it 1s recognized and antici-
pated that the waveform illustrated in FIG. 4 may be
modified and altered accordingly. It 1s also recognized that
other mechanisms such as latching valves may be utilized
with certain types of fuel mjectors wherein different wave-
forms from that depicted in FIG. 4 will be required and
wherein no hold-in current will be necessary.

Under certain operating conditions, the proximity of the
main and anchor durations and the resultant internal injector
hydraulics may lead to a rate shaping eflect of the anchor
injection. As a result, a distinct third injection may not
always be realized although an injection rate trace would
indicate a drop 1n the injection rate between the main and
anchor shots. In this situation, because the main and anchor
shots typically occur close together, the duration of the
anchor delay may be imsuflicient to produce a distinct split
between the main and anchor shots, that 1s, a significant
reduction 1n the fuel flow rate between these two fuel shots
1s not realized. This occurrence 1s referred to as a boot
condition or a boot mode of operation and 1s also known as
rate shaping the anchor fuel shot. A boot type of fuel delivery
generates a different quantity of fuel delivered to the cylin-
der as compared to a distinct split type tuel delivery since 1n
a boot type delivery, the fuel 1njection flow rate never goes
to zero between the respective fuel shots. Conversely, 1n a
split fuel delivery, the fuel injection flow rate may go to zero,
between the respective fuel shots. As a result, more fuel 1s
generally delivered 1n a boot type delivery as compared to a
split Tuel delivery between the main and anchor fuel shots.
Depending upon the operating conditions of the engine,
desired engine performance and desired emissions output,
and other factors and/or parameters, 1t may be desirable and
advantageous, 1n certain situations, to deliver the main and
anchor fuel shots 1 a split mode and, 1n other situations, 1t
may be desirable and advantageous to deliver the main and
anchor fuel shots 1n a boot condition. The present control
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system 1s cable of dynamically determining the approprate
parameters associated with a particular multiple fuel 1njec-
tion event to yield either a split or a boot type fuel delivery
based upon the particular engine operating conditions.

It 1s also anticipated, in one embodiment, that the pull-in
duration for each shot, the shot duration, the anchor delay.
and the pilot and main shot timing with respect to the
displacement of the cylinder piston will be determined,
calculated, or looked up 1n respective maps and/or tables as
a Tunction of any one or more of the following parameters,
namely, engine speed, engine load, rail pressure, total
desired fuel quantity, o1l or coolant temperature, atmo-
spheric pressure and still other parameters. It 1s also recog-
nized that other fuel systems will use different current
wavelorms. The importance of FIG. 4 1s the relationship of
current wavetorm to the piston location and 1njection profile.

Still further, 1t should be noted that although in one
embodiment of the present mnvention disclosed herein, each
separate fuel shot associated with a multiple fuel 1njection
event 1s delivered or injected into the combustion chamber
when the cylinder piston 1s located or displaced within a
predetermined range during the compression and power
strokes, 1t 1s recognized that each such separate fuel shot can
be delivered outside of these ranges due to factors such as
the fuel quantity associated with each fuel shot, the injection
pressure, engine speed, engine load and other parameters. In
this regard, it 1s recognized that the pilot shot can be mjected
at any time during the compression stroke; the main shot can
be 1mjected at any time during the compression or power
stroke after delivery of the pilot shot; and the anchor shot
can be injected at any time during the compression or power
stroke after delivery of the main shot. In addition, although
the present multiple fuel injection events have been dis-
cussed 1n terms of an exemplary waveform such as the
exemplary wavetlorm illustrated in FIG. 4 wherein a separate
current injection signal or pulse actuates each fuel shot, it 1s
also recognized that a separate pressurization of the actuat-
ing fluid may likewise take place for the injection of each
tuel shot. In the exemplary fuel mjection system 10 1llus-
trated 1n FIG. 1, a separate pressurization of the actuation
fluid 1n rail 36 (rail pressure) occurs for the injection of each
of the pilot, main and/or anchor shots. As a result, the
multiple fuel injections associated with a particular fuel
injection event can also be defined in terms of the separate
fuel 1njection pressurization events associated therewith.

The actual timing of the fuel 1njections 1s implementation
dependent. For example, 1n one embodiment, the third fuel
shot, or anchor shot, may occur approximately 0.20 to 0.75
milliseconds after the second fuel shot. However this time
delay 1s implementation dependent and will vary signifi-
cantly depending on the speed of the engine. For example an
engine have a maximum rated engine speed in the low speed
range will have different actual 1injection timing and timing,
delays, than an engine capable of running at very high
speeds, e.g., 4000 rpm and above. Therefore, the timing
relationships provided, such as those illustrated in FIG. 3,
are provided for exemplary purposes and will vary depen-
dent 1n part on the engine implementation used.

INDUSTRIAL APPLICABILITY

Utilization of an injection method and system in accor-
dance with the present invention provides for better emis-
sion control during varying engine operating conditions as
explained above. Although the particular injection wave-
form for delivering multiple fuel injections may vary
depending upon the particular engine operating conditions,
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the present system 1s capable of dynamically determining
the number of shots to be injected, the timing associated
with each individual 1njection event, the injection duration,
any delays between 1njections, and the displacement of the
cylinder piston relative to the beginning of each injection
regardless of the type of electronically controlled fuel injec-
tors or digitally controlled valves or common rail fuel
system being utilized, regardless of the type of engine being
utilized, and regardless of the type of fuel being utilized. In
this regard, appropriate fuel maps relating rail pressure,
engine speed, engine load, pilot/main/anchor duration times,
pilot/main/anchor fuel quantities, anchor timing delays, pilot
and main shot timing, and other parameters can be stored or
otherwise programmed mto ECM 56 for use during all
operating conditions of the engine. These operational maps,
tables and/or mathematical equations stored in the ECM
programmable memory determine and control the various
parameters associated with the appropriate multiple 1njec-
tion events to achieve desired emissions control.

It 1s also recognized that the particular ambient conditions
under which the engine will be operating will affect the
amount ol emissions produced by the engine. As the ambient
conditions change, so will the engine exhaust emissions. As
a result, the multiple fuel injection events may have to be
adjusted in order to keep the engine emissions within desired
limits based upon ambient conditions. These adjustments
may 1nclude adjustments to the pilot injection timing and
quantity, the main injection timing and quantity, the delay
between the pilot and main injections, and the delay between
the main and anchor ijections. Ambient conditions can be

monitored by providing and coupling appropriate sensors to
ECM 56 as will be herematter explained.

FIG. 5 1s an exemplary schematic diagram showing
representative sensor inputs to ECM 56 in order to monitor
the ambient conditions under which the engine 1s operating.
For example, appropriate sensors can be positioned and
located with respect to a particular engine so as to 1put
appropriate signals 80 and 82 to ECM 56 representative of
the ambient temperature and/or pressure under which the
engine 1s currently operating. Based upon the ambient
temperature and/or pressure, ECM 56 can select the appro-
priate maps or lookup tables for that particular ambient
condition and thereafter either determine the appropriate
parameters for each 1njection event based upon the existing
ambient temperature and/or pressure, or ECM 356 could
determine a correction or adjustment factor to be applied to
the 1njection event parameters calculated based upon some
normal or nominal operating conditions such as a standard
day temperature and pressure. In this regard, the appropriate
maps and lookup tables could include a set of such maps
and/or lookup tables based upon certain predetermined
ambient temperature and/or pressure ranges, a diflerent set
of maps and/or tables being applicable to each predeter-
mined range. On the other hand, ECM 56 could likewise
include a set of maps and/or lookup tables based upon
ambient temperatures and/or pressures which will enable
ECM 356 to determine a correction or adjustment factor
which can be applied to the various parameters of each
injection event, the correction or adjustment factor being
scaled with reference to some normal or nominal operating,
engine conditions. High altitude or cold start conditions are
examples of ambient conditions which may affect emissions
and may require the ECM 56 to adjust the parameters of the
multiple fuel injection events.

As indicated 1n FIG. §, based upon a sensor input of
ambient temperature 80 and/or ambient pressure 82, ECM
56 would output appropriate signals S, , to the fuel injection
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devices to adjust the desired pilot shot timing and/or tuel
quantity (adjustment 92), to adjust the main fuel shot timing
and/or fuel quantity (adjustment 94), to adjust the desired
delay between the pilot and main fuel shots (adjustment 96),
and/or to adjust the desired delay between the main and
anchor fuel shots (adjustment 98). Any one or more of these
adjustments 92, 94, 96 and 98 may be accomplished by the
ECM to achieve the desired pilot, main and anchor fuel shots
in order to control exhaust emissions and keep such emis-
s1ons within certain predetermined limaits. In addition, 1n one
embodiment, nstead of adjusting the timing or quantity of
the shots after an 1nitial distribution determination, one set
of fuel distribution maps may be utilized accounting for all
the relevant factors, such as speed, load, and ambient

conditions.

It 1s also recognized and anticipated that other parameters
or engine operating conditions can likewise be sensed and
inputted to ECM 36, other than ambient temperature 80
and/or ambient pressure 82, in order to determine the
ambient operating conditions of the engine. For example,
ECM 56 could be coupled to a sensor to recerve a signal 84
indicative of the ilet manifold temperature associated with
the engine, to a sensor to receive a signal 86 indicative of the
inlet manifold pressure, to a sensor to receive a signal 88
indicative of the humidity, and/or to a sensor to receive a
signal 90 indicative of the crankcase o1l pressure. These
engine parameters could likewi1se be correlated or translated
through various maps, tables and/or equatlons to establish
the ambient operating conditions of the engine and, based
upon any one or a plurality of such signals 80, 82, 84, 86, 88
and 90, ECM 56 could make any one or more of the
adjustments 92, 94, 96 and/or 98 and output appropriate
signals S, , to adjust the parameters of the multiple 1njection
cvents. All of the sensors providing signals 80, 82, 84, 86,
88 and/or 90 would preferably continuously monitor its
corresponding parameter associated with the operation of
the engine and each such sensor would output an appropnate
signal to ECM 356 indicative of such sensed parameters. Still

turther, 1t 1s recognized and anticipated that other parameters
and sensors other than those identified in FIG. 5 such as a

coolant temperature sensor, an engine oil temperature
sensor, a mass air flow sensor, and/or an exhaust gas sensor
could likewise be used to determine the ambient operating
conditions of the engine.

Although fuel system 10 1illustrated 1n FIG. 1 has been
shown as a representative six injector system, 1t 1S recog-
nized that the present invention could be incorporated into
tuel injection systems including any number of fuel 1njectors
as well as both hydraulically actuated and mechanically

actuated electronically controlled fuel mjector units as well
as 1nto a fluid activated common rail fuel system. Where
mechanically actuated electronically controlled fuel injec-
tors are used, the rail or manifold 36 1n FIG. 1 will typically
be replaced with a mechanical actuating mechanism for
causing c¢ach injector to pressurize fuel such as the mecha-
nisms illustrated 1n U.S. Pat. Nos. 5,947,380 and 5,407,131.
Other mechanisms for accomplishing this task are likewise
known and available.

As 1s evident from the foregoing description, certain
aspects of the present invention are not limited by the
particular details of the examples illustrated herein and 1t 1s
therefore contemplated that other modifications and
applications, or equivalence thereoi, will occur to those
skilled 1n the art. It 1s accordingly intended that the claims
shall cover all such modifications and applications that do
not depart from the spirit and scope of the present invention.

Other aspects, objects and advantages of the present
invention can be obtained from a study of the drawings, the
disclosure and the appended claims.
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What 1s claimed 1s:

1. A method for delivering a first and second fuel shot to
a cylinder of a compression 1gnition engine during a par-
ticular fuel injection event wherein the injection to the
cylinder 1s provided by an electronically controlled fuel
injector, the method comprising the steps of:

providing an electronic controller coupling said controller
to the fuel 1mjector;

sensing an engine speed ol the compression ignition
engine;

determining a total fuel quantity to be delivered during
injection as a function of at least the sensed engine
speed and an engine load of the compression 1gnition
engine;

determiming the first fuel shot quantity to be delivered
during injection;

determining the second fuel shot quantity to be delivered
during injection; and

[initiating] completing the delivery of the first fuel shot
[during] before arn end of a compression stroke of the
compression 1gnition engine;

mixing the first fuel shot with air into a mixture in the
cvlinder before combusting the first fuel shot; and

compression igniting the mixture during the compression

stroke.

2. The method as set forth 1n claim 1 including the step of
determining a third fuel shot quantity to be delivered during
injection.

3. The method as set forth 1n claim 2 wherein initiation of
the delivery of the first fuel shot occurs when the cylinder
piston of the compression i1gnition engine 1s displaced
between a range from approximately 75° to approximately
35° before top dead center during a compression stroke of ¢
compression 1gnition engine.

4. The method as set forth 1n claim 3 including the step of
iitiating the delivery of the second fuel shot when the
cylinder piston of the compression 1gnition engine 1s dis-
placed between a range from approximately 30° before top
dead center to approximately 13° after top dead center
during a compression stroke of the compression ignition
engine.

5. The method as set forth 1n claim 4 including the step of
initiating the delivery of the third tuel shot when the cylinder
piston ol the compression ignition engine 1s displaced
between a range from approximately 18° before top dead
center to approximately 18° after top dead center during a
compression stroke of the compression ignition engine.

6. The method as set forth 1n claim 2 including the step of
initiating the delivery of the first fuel shot approximately 3
to 8 millisecond 1n advance of the second fuel shot.

7. The method as set forth 1n claim 2 including the step of
iitiating the delivery of the third fuel shot approximately
0.20 to 0.75 mulliseconds after the second fuel shot.

8. The method as set forth in claim 2 wherein the first fuel
shot includes approximately 5% to 40% of the total fuel
quantity to be delivered during injection, and wherein said
second fuel shot includes approximately 3% to 0% of the
total fuel quantity to be delivered during injection.

9. The method as set forth 1n claim 8 including the step of
sensing the ambient conditions under which the compression
1gnition engine 1s operating;

said controller being operable to adjust the timing and/or

fuel quantity associated with each of said first, second
and third fuel shots and/or the delays there between
based upon said ambient conditions.

10. The method as set forth in claim 2 wherein said first,
second, and third fuel shots are delivered at engine loads of
approximately 30% or greater of rated engine load at all

engine speeds.
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11. The method as set forth 1n claim 2 including the step
of sensing a rail pressure associated with an injector actu-
ating fluid and using e sensed rail pressure as an engine load
indicator 1n determining the first, second, and third fuel shot
quantities.

12. The method as set forth in claim 2 including the step
of using the total fuel quantity as an engine load indicator 1n
determining the first, second, and third fuel shot quantities.

13. The method as set forth 1n claim 2 wherein delivery of

said second and third fuel shots are rate shaped.

14. The method as set forth 1n claim 2 wherein said third
tuel shot quantity 1s determined as a diflerence between the
total fuel quantity to be delivered during a particular 1njec-
tion event and the sum of the first and second fuel shot

quantities.

15. The method as set forth 1n claim 2 wherein the first
tuel shot quantity 1s suflicient for a compression 1gnition to
occur before delivery of the second fuel shot.

16. The method as set forth 1n claim 2 wherein the first
fuel shot quantity 1s greater than the second fuel shot
quantity but less than the third fuel shot quantity.

17. A method of operating an electronically controlled
tuel 1njector, comprising the steps of:

sequentially supplying first, second and third shot control
signals to the electronically controlled fuel injector;

separating the second and third shot control signals with
an anchor delay; and

setting the anchor delay such that fuel injected due to the
second shot control signal 1s indistinct from fuel
injected due to the third shot control signal in that an
injection rate remains greater than zero from a begin-
ning of fuel injection from the second control signal
through to an end of fuel 1njection from the third shot
control signal;

mixing the first fuel shot with air into a mixture in the
cvlinder before combusting the first fuel shot; and

compression igniting the mixture during a compression
stroke.

18. The method of claim 17 including the steps of:

separating the first and second shot control signals with a
main delay; and

setting the main delay such that fuel imjected due to the
first shot control signal 1s distinct from fuel 1njected due
to the second and third shot control signals.

19. The method of claim 17 wherein the first, second and
third shot control signals include distinct electric current

signals.
20. A method of operating an electronically controlled

tuel 1njector, comprising the steps of:
sequentially supplying first, second and third shot control
signals to the electronically controlled fuel injector;

separating the second and third shot control signals with
an anchor delay;

setting the anchor delay such that fuel imjected due to the
second shot control signal 1s indistinct from fuel
injected due to the third shot control signal; and

wherein the fuel injector 1s positioned for direct injection
into a cylinder of a compression 1gnition engine;

mixing the first fuel shot with air into a mixture in the
cvlinder before combusting the first fuel shot; and

compression igniting the mixture during a compression
stroke.,

21. The method of claim 20 including the steps of:

separating the first and second shot control signals with a
main delay; and

setting the main delay such that fuel imjected due to the
first shot control signal 1s distinct from fuel 1njected due
to the second and third shot control signals.

16

22. The method of claim 21 wherein the first, second and
third shot control signals include distinct electric current
signals.

23. A method of operating an internal combustion engine,

5 comprising the steps of:

allocating a quantity of fuel among an early medium pilot
quantity of fuel, a small main quantity of fuel and a
lavge anchor gquantity of fuel to be delivered directly to
a cvlinder, and the early medium pilot quantity being
greater than the small main quantity but less than the
lavge anchor quantity;

10

issuing a control waveform to a fuel injector, wherein the
control waveform includes, in sequence, a pilot portion
corresponding to the early medium pilot quantity, a
main portion corresponding to the small main quantity
of fuel and an anchor portion corresponding to the
large anchor quantity of fuel;

15

mixing the early medium pilot guantity of fuel with air into
a mixture in the cylinder before combusting the early
medium pilot guantity of fuel; and

20

compression igniting the mixture during a compression
stroke.

24. The method of claim 23 wherein the early medium
pilot guantity is from 5% to 40%, the small main guantity is
from 3% to 40%, and the large anchor quantity is a
remaining percentage.

25. The method of claim 24 wherein the main portion of
the control waveform is issued after combustion of the early
medium pilot quantity of fuel.

26. The method of claim 25 wherein the compression
igniting step begins in a range from 20 degrees to 12 degrees
before top dead center of the compression stroke.

27. The method of claim 25 including a step of increasing
injection pressure after issuing the pilot portion of the
control waveform but before issuing the main portion of the
control waveform.

28. The method of claim 27 wherein the step of increasing
injection pressure is accomplished by vaising a rail pressure.

29. The method of claim 25 wherein the allocating step
includes the early medium pilot quantity being from 15% to
25%, the small main quantity being from 5% to 10%, and the
large anchor quantity being from 60% to §0%.

30. The method of claim 23 including the steps of:

injecting a pilot shot, which corresponds to the early
medium pilot quantity, from the injector into the cylin-
der in response to issuing the pilot portion of the
control waveform.

31. The method of claim 23 including a step of separating
the main portion of the control waveform from the anchor
portion of the control waveform with an anchor delay that
is insufficient to produce a distinct main shot and a distinct
anchor shot from the fuel injector.

32. The method of claim 23 wherein the pilot portion of
the control waveform is issued during the compression
stroke of the cylinder.

33. The method of claim 23 including a step of separating

the main portion of the control waveform from the anchor
60 portion of the control waveform with an anchor delay;
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setting the anchor delay based upon engine speed and

load.

34. The method of claim 23 including a step of dyvnami-
cally determining the control waveform based upon engine
65 speed and load.
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