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METHOD FOR MID LOAD OPERATION OF AUTO-IGNITION
COMBUSTION

TECHNICAL FIELD
[0001] This invention relates to a method for extending the mid load
operation limit in a gasoline direct-injection controlled auto-ignition

combustion engine.

BACKGROUND OF THE INVENTION

[0002] To improve thermal efficiency of gasoline internal combustion
engines, dilute combustion, using either air or re-circulated exhaust gas, is
known to give enhanced thermal efficiency and low NOx emissions. There is,
however, a limit at which an engine can be operated with a diluted mixture
because of misfire and combustion instability as a result of a slow burn.
Known methods to extend the dilution limit inctude: 1) improving ignitability
of the mixture by enhancing ignition and fuel preparation; 2) increasing the
flame speed by introducing charge motion and turbulence; and 3) operating
the engine under controlled auto-ignition combustion. ‘

[0003] The controlled auto-ignition process is sometimes called a
Homogeneous Charge Compression Ignition (HCCI) process. In this process,
a mixture of combusted gases, air, and fuel is created and auto-ignition is
initiated simultaneously from many ignition sites within the mixture during
compression, resulting in very stable power output and high thermal
efficiency. The combustion is highly diluted and uniformly distributed
throughout the charge. Therefore, the burned gas temperature and hence NOx
emissions are substantially lower than that of traditional spark ignition engines
based on propagating flame front and diesel engines based on an attached
diffusion flame. In both spark ignition and diesel engines, the burned gas
temperature is highly heterogeneous within the mixture with very high local

temperatures creating high NOx emission.



WO 2006/016937 PCT/US2005/017754

2

[0004] Engines operating under controlled auto-ignition combustion
have been successfully demonstrated in two-stroke gasoline engines using a
conventional compression ratio. It is believed that the high proportion of
burned gases remaining from the previous cycle, i.e., the residual content,
within the two-stroke engine combustion chamber is responsible for providing
the high mixture temperature necessary to promote auto-ignition in a highly
diluted mixture. In four-stroke engines with traditional valve means, the
residual content is low, and controlled auto-ignition at part load is difficult to
achieve. Known methods to induce controlled auto-ignition at low and part
loads include: 1) intake air heating; 2) variable compression ratio; and 3)
blending gasoline with ignition promoters to create a more easily ignitable
mixture than gasoline. In all the above methods, the range of engine speeds
and loads in which controlled auto-ignition combustion can be achieved is
relatively narrow.

[0005] Engines operating under controlled auto-ignition combustion
have been demonstrated in four-stroke gasoline engines using variable valve
actuation with unconventional valve means. The following are descriptions of
two such valve strategies, specifically an exhaust re-compression valve
strategy and an exhaust re-breathing valve strategy. With either valve
strategy, a high proportion of residual combustion i)roducts from previous
combustion cycles is retained to provide the necessary conditions for auto-
ignition in a highly diluted mixture. The range of engine speeds and loads in
which controlted auto-ignition combustion can be achieved is greatly |
expanded using a conventional compression ratio.

[0006] One such valve strategy is an exhaust re-compression valve
strategy. A four-stroke internal combustion engine has been disclosed that
provides for auto-ignition by controlling the motion of the intake and exhaust
valves of a combustion chamber to ensure that a fuel/air charge is mixed with
combusted gases to generate conditions suitable for auto-ignition. In
particular, this engine operates with a mechanically cam-actuated exhaust

valve that is closed earlier in the exhaust stroke than normal four-stroke
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engines to trap combusted gases for subsequent mixing with an intake of a fuel
and air mixture.

[0007] Further, a similar method of operating a four-stroke internal
combustion engine has been disclosed in which combustion is achieved at
least partially by an auto-ignition process. Flows of fuel/air charge and
combusted gases are regulated by hydraulically controlled valve means in
order to generate conditions in the combustion chamber suitable for auto-
ignition operation.

[0008] The valve means used includes an intake valve controlling flow
of the fuel/air mixture into the combustion chamber from an inlet passage and
an exhaust valve controlling flow of exhaust combusted gases from the
combustion chamber to an exhaust passage. The exhaust valve opens (EVO)
at approximately 10 to 15 degrees before bottom dead center in the expansion
stroke, and closes (EVC) during the exhaust stroke in a range of 90 to 45
degrees before top dead center. The intake valve is opened (IVO) later in the
four-stroke cycle than usual in a normal four-stroke engine in a range of 45 to
90 degrees after top dead center during the intake stroke.

[0009] The early exhaust valve closing and late intake valve opening
provides a negative valve overlap period (EVC-IVO) where both exhaust and
intake valves are closed for trapping of combusted gas, which later mixes with
the inducted fuel/air charge during the intake stroke and thereby promotes the
auto-ignition process. The intake valve is then closed (IVC) roughly 30
degrees after bottom dead center in the compression stroke. This is generally
referred to as an exhaust re-compression valve strategy.

[0010] A similar method of operating a direct-injection gasoline four-
stroke internal combustion engine has been disclosed in which combustion is
achieved at least partially by an auto-ignition process. Flows of air and
combusted gases are regulated by the hydraulically controlled valve means as
detailed above. The fuel is delivered directly into the combustion chamber by
a gasoline injector. The gasoline injector is said to inject fuel during either the

intake stroke or the subsequent compression stroke in a single engine cycle.
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[0011] Furthermore, a system and a method for operating a four-stroke
internal combustion engine has been disclosed in which part load operation is
achieved by an auto-ignition process. Flows of air and combusted gases are
regulated by either mechanical (phase shift of a single cam or shift between
two different cams) or electromagnetic valve means similar to that described
above. Control of the auto-ignition process is divided into three modes
depending upon the magnitude of a predetermined operating parameter. The
operating parameter is indicative of either the engine load or the engine speed.
The three auto-ignition combustion modes are: a gasoline reform auto-
ignition combustion mode,'an auto-ignition stratified charge combustion
mode, and an auto-ignition homogeneous charge combustion mode.

[0012] In the gasoline reform auto-ignition combustion mode that may
be selected during operation with low part load, a first fuel injection during the
negative valve overlap period produces a sufficient amount of chemical
reaction for promotion of auto-ignition of the fuel/air mixture produced by a
second fuel injection during the subsequent compression stroke. The fuel
quantity for the first injection is said to be either constant or inversety
proportional to the engine load. The corresponding injection timing, however,
is said to be either retarded in a continuous manner or held constant as the
engine load increases. In the auto-ignition stratified charge combustion mode
that may be selected during operation with intermediate part load, a fuel
injection during the compression stroke supports auto-ignition. The injéction
timing advances as the engine load increases. In the auto-ignition
homogeneous charge combustion mode that may be selected during operation
with high part load, a fuel injection during the intake stroke supports auto-
ignition. The injection timing is disclosed to be invariant against variation of
engine load.

[0013] We have demonstrated a strategy for operating a direct-
injection gasoline four-stroke internal combustion engine with enhanced
controlled auto-ignition combustion from low to medium load. Flows of air
and combusted gases are regulated by either electro-hydraulically controlled

valve means (ﬁllly-ﬂexiﬁle valve actuation) similar to that described above or
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mechanically controlled valve means (phase shift of a single cam or shift
between two different cams) similar to that described above. The valve means
is used in conjunction with a gasoline direct injector having multiple injection
capability during a single engine cycle. The injection timing of fuel injection
and the proportion of fuel split, if desired, are electronically controlled.
Different negative valve overlap periods and different injection strategies are
required at different engine load for optimal control of combustion phasing
hence engine performance.

[0014] Control of the auto-ignition process is divided into three stages
from low to medium load. It is experimentally confirmed that for maintaining
optimal auto-ignition combustion phasing throughout the stated load range, the
negative valve overlap period increases with decreasing engine load. Further,
during operation with low part load (Stage 1), a first injection of a fixed
amount of fuel during the negative valve overlap period produces a sufficient
amount of heat and chemical species that are more reactive than the fuel for
promotion of auto-ignition of the fuel/air mixture produced by a second fuel
injection during the subsequent compression stroke. The injection timing for
the first injection retards and the injection timing for the second injection
advances in a continuous manner as the engine load increases. During
operation with intermediate part load (Stage 2), a first injection of fuet during
the negative valve overlap period followed immediately by a second injection
of fuel during the subsequent intake stroke supports auto-ignition. Optimal
separation of the two injections is around 30 to 60 degrees crank angle. The
injection timings of both injections retard in a continuous manner as the
engine load increases. During operation with high part load (Stage 3), a single
fuel injection during the intake stroke supports auto-ignition. The injection
timing retards as the engine load increases. The invention has been shown to
be effective in extending the load range of a direct-injection gasoline four-
stroke auto-ignition engine using a conventional compression ratio.

[0015] A second valve strategy is an exhaust re-breathing valve
strategy. A method of operating a four-stroke internal combustion engine has

been disclosed in which combustion is achieved at least partially by an auto-
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ignition process. Flow of fuel/air charge and combusted gases are regulated
by hydraulically controlled valve means in order to generate conditions in the
combustion chamber suitable for auto-ignition operation. The valve means
used includes an intake valve controlling flow of fuel/air mixture into the
combustion chamber from an inlet passage and an exhaust valve controlling
flow of exhaust combusted gases from the combustion chamber to an exhaust
passage. The exhaust valve is opened for two separate periods during the
same four-stroke cycle. The exhaust valve is opened for a first period to allow
combusted gases to be expelled from the combustion chamber. The exhaust
valve is opened for a second period to allow combusted gases previously
exhausted from the combustion chamber to be drawn back into the combustion
chamber. The double opening of the exhaust valve during each four-stroke
cycle creates the necessary condition for auto-ignition in the combustion

" chamber. This is generally referred to as an exhaust re-breathing valve
strategy.
[0016] We have demonstrated a method of operating a direct-injection
gasoline four-stroke internal combustion engine with extended capability for
controlling the auto-ignition process at low engine load. In this method, a
valve strategy that employs the double opening of the exhaust valve and a
single opening of the intake valve is used in conjunction with a gasoline direct
injector having multiple injection capability during a single engine cycle.
Both the intake and exhaust valve means are hydraulically controlled. By
appropriately choosing the closing timing of the exhaust valve for the first
opening event and the opening timings of both the intake valve and the
exhaust valve for the second opening event, different levels of in-cylinder
vacuum can be generated. Higher in-cylinder vacuum leads to increased
charge temperature at intake valve closing and results in improved combustion
stability for a controlled auto-ignition engine.
[0017] The combustion stability of the engine is further improved with
an intelligent split-injection strategy that features two injections per engine
cycle. The first injection event delivers 10 — 30% of the total injected fuel per

cycle into the combustion chamber during the early part of the intake stroke
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while the second injection event delivers the remaining fuel during the later
part of the compression stroke. The injection timing of each injection event
and the proportion of fuel split are electronically controlled. Different levels
of in-cylinder vacuum and split-injection strategies are required at different
engine loads for optimal control of combustion phasing and engine
performance. Both demonstrations have been shown to effectively extend the
low load limit of direct-injection gasoline four-stroke auto-ignition engines.
[0018] We have also demonstrated a strategy for operating a direct-
injection gasoline four-stroke internal combustion engine with enhanced
controlled auto-ignition combustion from low to medium load. Flows of air
and combusted gases are regulated by either electro-hydraulically controlled
valve means (fully-flexible valve actuation) similar to that described above or
mechanically controlled valve means (phase shift of a single cam or shift
between two different cams). The valve means is used in conjunction with a
gasoline direct injector having multiple injection capability during a single
engine cycle similar to that described above. The injection timing of fuel
injection and the proportion of fuel split, if desired, are electronically
controlled. Different levels of in-cylinder vacuum and injection strategies are
required at different engine loads for optimal control of combustion phasing
and hence engine performance. Control of the auto-ignition process is divided
into two stages from low to high part load.

[0019] It is experimentally confirmed that for maintaining optimal
auto-ignition combustion phasing throughout the load range, the required in-
cylinder vacuum decreases with increasing engine load. Further, during
operation with low part load, a first injection of 10 — 30% of total injected fuel
during the early part of the intake stroke promotes auto-ignition of the fuel/air
mixture produced by a second fuel injection during the subsequent
compression stroke. The injection timing for the first injection retards and the
injection timing for the second injection advances in a continuous manner as
the engine load increases to avoid excessive smoke emission. During
operation with intermediate and high part loads, a single fuel injection during

the intake stroke supports auto-ignition. The injection timing retards as the
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engine load increases to avoid excessive smoke emission. The invention has
been shown to be effective in extending the load range of a direct-injection
gasoline four-stroke auto-ignition engine using a conventional compression
ratio.

[00201 The above descriptions depict our methodologies in operating
gasoline direct-injection controlled auto-ignition combustion engines over
extensive speed and load ranges under steady state operations. In general, the
engine operation is limited by combustion stability at low load and by in-
cylinder pressure rise or amplitude of pressure oscillation at high load. Too
large a pressure rise or amplitude of pressure oscillation results in a
combustion-generated noise called knocking. It has been found
experimentally that retarding the combustion timing from top dead center
reduces the combustion rate and is an effective way to prevent knocking.
Parameters such as spark timing, injection timing, and internally/externally re-
circulated burned gas are effective in controlling the combustion rate. In
general, the higher the load, the more retarded the location of peak pressure
that is required. With retarded combustion, however, both the start of
combustion and combustion stability are substantially influenced by cycle-to-
cycle variations of in-cylinder conditions. Therefore, an ignition timing
control method is required in conjunction with the combustion rate control
method to achieve stable retarded combustion.

[0021] A fuel injection strategy has been disclosed to increase full-
load torque output of a direct-injection SI engine. A split injection strategy
was proposed. A portion of total injected fuel is injected during the intake
stroke for volumetric efficiency improvement and the remaining fuel is
injected late during the compression stroke for reducing knocking. Test
results showed that the split-injection strategy increases the IMEP of the
engine by about 2-3 percent over that of the single injection strategy at full
load. Both injection timing and amount of split are conjectured to be speed
and load dependent.

[0022] An engine has been disclosed that has a fuel injection system

capabfe of performing a multiple injection wherein a main injection event and
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a trigger injection event take place in this order in one cycle. During the main
injection, fuel is widely dispersed within a combustion chamber to create a
main mixture for main combustion. During the trigger injection, fuel is
dispersed locally within the combustion chamber to create an ignitable mixture
for auto-ignition. Auto-ignition of the ignitable mixture creates conditions
under which auto-ignition of the main mixture takes place. Fuel quantity and
timing for each of the main and trigger injections are varied corresponding to
engine speed and load request to cause the main mixture to burn at a target
crank angle after TDC of the compression stroke.

[0023] A two-stage combustion process employing split injection and
spark ignition has also been disclosed. The spark is used for ignition timing
control while the split injection is used to create a stratified air/fuel mixture
charge. The stratified charge includes an ignitable air/fuel mixture portion
around a spark plug within the surrounding lean air/fuel mixture. The first
stage is combustion of the ignitable air/fuel mixture poﬁion initiated by a
spark produced by the spark plug, providing an additional increase of cylinder
pressure. The second stage is auto-ignited combustion of the surrounding lean
air/fuel mixture induced by such additional cylinder pressure increase. The
concept was validated in a gasoline direct-injection controlled auto-ignition
combustion engine under lean operation with air dilution. There is concern
about an increase in Nitric Oxides (NOx) emissions due to spark ignition
combustion that may require an expensive lean NOx after-treatment device for
emission control.

[0024] The subject matter of the foregoing paragraphs 13, 14 and 16
through 20 was drawn from unpublished materials of the assignee of the
present invention and is presented here as related information that is not

considered to be prior art.

SUMMARY OF THE INVENTION
[0025] The present invention provides a method for extending the mid
load operation limit of a gasoline direct-injection controlled auto-ignition

combustion engine that is capable of using conventional three-way after-
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treatment systems as engine-out emission control devices. The method
employs a fuel injector with multiple injection capability and a spark plug. It
is found experimentally that, with present invention, the mid load operation
limit can be increased by more than 10%.

[0026] The present invention is as follows. Using our current
methodology in operating a gasoline direct-injection controlled auto-ignition
combustion engine, an injection strategy with a single fuel injection during the
intake stroke is sufficient from part load to the high load operation limit. An
overall lean or stoichiometric in-cylinder air-fuel mixture is generated by
direct fuel injection and with an intake charge that is diluted by either air or
externally re-circulated burned gas for combustion phasing and knocking
control. The stoichiometric air/fuel mixture is used whenever the engine-out
NOx emission index exceeds 1 g/kg fuel so that conventional three-way after-
treatment systems can be used for engine-out emission control. With this
strategy, the high load operation limit is reached by either pressure rise or an
amplitude of pressure oscillation that exceeds a prescribed threshold value.
[0027] It is well known that the in-cylinder air-fuel distribution is
greatly influenced by injection timing and the amount of fuel split with the
split injection strategy from earlier diesel and direct gasoline injection works.
TFor the present invention, the first fuel injection occurs during an early intake
stroke to form a lean air-fuel mixture throughout the combustion chamber near
the end of the compression stroke. The second fuel injection takes place in
either a middle or later part of the intake stroke to create a stratified air-fuel
mixture with an ignitable mixture near the spark plug. The spark plug is used
to ignite the ignitable mixture and its timing strongly influences the
combustion phasing. The spark-ignition combustion works as an ignition
source to trigger the auto-ignition of the surrounding lean mixture to burn at a
target crank angle after TDC of the compression stroke. In this way, a mixed-
mode combustion process that consists of two separate yet related processes is
realized. Further, the engine is operated with overall stoichiometry with
external EGR dilution so a traditional after-treatment device is sufficient for

engine-out emission control. The external EGR dilution also acts as an
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effective combustion rate control parameter during the auto-ignition
combustion phase. With the present invention, the high load limit of a
gasoline direct-injection controlled auto-ignition combustion engine is
expanded by more than 10% with an acceptable pressure rise or amplitude of
pressure oscillation.

[0028] The present invention applies equally well to both valve
strategies described above. In the following, only test results from the exhaust
re-compression valve strategy are presented to demonstrate its effectiveness.
[0029] These and other features and advantages of the invention will
be more fully understood from the following description of certain specific
embodiments of the invéntion taken together with the accompanying

drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0030] FIG. 1 is a schematic illustration of a single cylinder direct-
injection gasoline four-stroke internal combustion engine according to the
present invention;

[0031] FIG. 2 is a graph of valve lift profiles as a function of crank
angle for the exhaust and intake valves of a four-stroke internal combustion
engine (at 1000 rpm / 470 kPa NMEP) using an exhaust re-compression valve
strategy via a FFVA system;

[0032] FIG. 3 is a graph of the location of peak pressure as a function
of engine load using single and split injection strategies;

[0033] FIG. 4 is a graph of the negative valve overlap required as a
function of engine load using single and split injection strategies;

[0034] FIG. 5 is a graph of the injected fuel mass as a function of
engine load using single and split injection strategies;

[0035] FIG.61isa lgraph of the spark timing as a function of engine
load using single and split injection strategies;

[0036] FIG. 7 is a graph of the end of injection timing as a function of

engine load using single and split injection strategies;
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[0037] FIG. 8 is a graph of the maximum pressure rise (kPa/deg) as a
function of engine load with single and split injection strategies;

[0038] FIG. 9 is a graph of the variations in cylinder pressure as a
function of crank angle using single and split injection strategies at 1000 rpm /
470 kPa NMEP; and

[0039] FIG. 10 is a graph of the variations in normalized fuel burning
rate versus mass burned fraction using single and split injection strategies at
1000 rpm / 470 kPa NMEP.

DESCRIPTION OF THE PREFERRED EMBODIMENT

[0040] For simplicity, the following descriptions will address the
present invention in its application to a single cylinder direct-injection
gasoline four-stroke internal combustion engine, although it should be
appreciated that the present invention is equally applicable to a multi-cylinder
direct-injection gasoline four-stroke internal combustion engine.

[0041] A schematic representation of an embodiment of a single-
cylinder direct-injection four-stroke internal combustion engine 10 is shown in
Figure 1. In Figure 1, a piston 12 is movable in a cylinder 14 and defines with
the cylinder 14 a variable volume combustion chamber 16. An intake passage
18 supplies air into the combustion chamber 16. Flow of air into the
combustion chamber 16 is controlled by intake valve 20. Combusted gases
can flow from the combustion chamber 16 via an exhaust passage 22 and flow
of combusted gases through the exhaust passage 22 is controlled by exhaust
valve 24.

[0042] The engine 10 of the present invention has a hydraulically
controlled valve train 25 with an electronic controller 26 which is
programmable and hydraulically controls the opening and closing of both the
intake 20 and exhaust 24 valves. The electronic controller 26 will control the
movement of the intake valve 20 and exhaust valve 24 having regard to the
position of the intake and exhaust valves 20 and 24 as measured by two
position transducers 28 and 30. The controller 26 will also have regard to the

position of the engine, which will be measured by a rotation sensor 32 that is
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connected to a crankshaft 34 of the internal combustion engine. The
crankshaft 34 is connected by a connecting rod 36 to the piston 12 reciprocate
in the cylinder 14.
[0043] A gasoline direct injector 38, controlled by the electronic
controller 26, is used to inject fuel directly into the combustion chamber 16. A
spark plug 40, controlled also by the electronic controller 26, is used to

. enhance the ignition timing control of the engine according to the present
invention.
[0044] Control of the motion of the intake valve 20 and exhaust valve
24 in accordance with an exhaust re-compression valve strategy is illustrated

. in Figure 2 for a controlled auto-ignition combustion engine operating at 1000
rpm and 470 kPa net mean effective pressure (NMEP) and using a fully
flexible valve actuation (FFVA) system. This is the mid load operation limit

. for the engine at 1000 rpm. In Figure 2, the exbaust valve 24 is seen to open
at approximately 30 degrees before bottom dead center in the expansion
stroke, and to close during the exhaust stroke approximately 40 degrees before
top dead center. The intake valve 20 is opened later in the engine cycle than
in a normal spark ignition engine approximately 40 degrees after top dead
center during the intake stroke. The early exhaust valve closing and late
intake valve opening provides a negative valve overlap period where both the

~ exhaust 24 and intake valves 20 are closed for trapping of combusted gas
which later mixes with the fuel/air charge inducted during the intake stroke
and thereby promotes the auto-ignition process. The intake valve 20 then
closes roughly 10 degrees after bottom dead center in the compression stroke.

.. [0045] Figure 3 shows the location of peak pressure (LPP) as a
function of engine load with single injection (line with diamonds) and split
injection (line with squares) strategies for engine operation with a speed of
1000 rpm and a stoichiometric air-fuel ratio. In particular, Figure 3 shows that
a constant LPP was maintained at different loads with proper selection of the
negative valve overlap period as illustrated in Figure 4. In general, the
negative valve overlap period decreases with increasing engine load for both

injection strategies.
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[0046} Further, with a single injection strategy as shown in Figure 5,
the load increases by increasing the amount of fuel injected while keeping
both spark (see Figure 6) and injection (see Figure 7) timings the same. The
maximum load the engine can operate is about 470 kPa NMEP or 16 mg fuel
injection and is determined based on a maximum pressure rise limit of 500
kPa/deg (see Figure 8). With a split injection strategy, using the amount of
split (split half and half as shown in Figure 5) and the corresponding injection
timings (see Figure 7), the maximum pressure rise can be reduced to around
330 kPa/deg (see Figure 8) while keeping the negative valve overlap period
(see Figure 4) and spark timing (see Figure 6) the same as the single injection
strategy case.

[0047] Figures 9 and 10 show respectively variations in cylinder
pressure as a function of crank angle and normalized fuel burning rate versus
mass burned fraction with single injection (line 42) and split injection (line 44)
strategies.

[0048] The results clearly indicated that although the combustion starts
earlier using split injection, both pressure rise during auto-ignition combustion
(sée Figure 9) and the corresponding peak burning rate (see Figure 10)
decrease with split injection. By properly selecting the negative valve overlap
period (see Figure 4), the amount of fuel split (see Figure 5), and the spark
(see Figure 6) and injection (see Figure 7) timings, we can operate the engine
up to a load of 540 kPa NMEP before the pressure rise exceeds the limit of
500 kPa/deg. This corresponds to about a 15 percent increase in the mid load
operation limit.

[0049] The present invention applies to other engine speeds as well,
although the amount of fuel split and the corresponding injection timings may
vary for best compromise between engine performance, emissions, and
combustion stability.

[0050F While the intake valve 20 and exhaust valve 24 in the above
embodiments are electro-hydraulically actuated, they may be actuated

mechanically or electrically using electromagnetic force.
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[0051] While the invention has been described by reference to certain
preferred embodiments, it should be understood that numerous changes could
be made within the spirit and scope of the inventive concepts described.

- Accordingly, it is intended that the invention not be limited to the disclosed

embodiments, but that it have the full scope permitted by the language of the

following claims.
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CLAIMS

1. A method for expanding the mid load operation limit in a four-
stroke gasoline direct-injection controlled auto-ignition combustion engine
having at least one cylinder with direct fuel injection and containing a piston

| reciprocably connected with a crank and defining a variable volume
5 combustion chamber including an intake valve controlling communication
with an air intake and an exhaust valve controlling communication with an
exhaust outlet, the method comprising:

operating the engine with two sequential pairs of expansion and

contraction strokes during two revolutions of the crank, said two revolutions.
10  of the crank defining a combustion cycle;

employing a variable valve actuating system for variably actuating
the intake and exhaust valves, said valve actuating system being capable of
operating the intake and exhaust valves with an exhaust re-compression valve
strategy or an exhaust re-breathing valve strategy;

15 providing a spark plug that extends into said combustion chamber,
said spark plug having a spark gap;

employing a fuel injector in communication with said combustion
chamber, said fuel injector having multiple injection capability for injecting
more than one fuel charge per combustion cycle;

20 injecting a first fuel charge into the combustion chamber to form a
lean air-fuel mixture throughout the combustion chamber;

injecting a second fuel charge into the combustioﬁ chamber
adjacent the spark plug a period of time after said first fuel charge to form a
stratified air-fuel mixture having an ignitable mixture located near said spark

25  plug; and

igniting the ignitable mixture at the spark gap, thereby causing
spérk—i gnition combustion, the spark-ignition combustion functioning as an
ignition source for triggering the auto-ignition of said lean air-fuel mixture,
which results in the obtaining of a higher engine load before a pressure rise in

30 the combustion chamber exceeds a prescribed threshold value.
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2. The method of claim 1, including the step of:

selecting a spark timing between 25 and 30 degrees before top dead
center with respect to the combustion cycle for triggering said spark plug, said
spark plug initiating combustion of the ignitable mixture and causing

5  subsequent auto-ignition of the lean mixture.

3. The method of claim 1, wherein the step of injecting a first fuel
charge includes injecting the first fuel charge early in an intake expansion
stroke; and

the step of injecting a second fuel charge includes injecting the

5 second fuel charge at a point later in the intake expansion stroke than said first

fuel charge.

4. The method of claim 1, including the step of:
selecting a first fuel charge and a second fuel charge that are
approximately equal in magnitude;
wherein said first fuel charge is sufficient to form a lean air-fuel
-5 mixture that will not ignite at the then existing conditions in the cylinder, and
said second fuel charge is sufficient to form an ignitable air-fuel
mixture adjacent the spark plug, which initiates combustion and causes.

subsequent auto-ignition of the lean mixture.

5. The method of claim 1, including the step of:
selecting a first fuel charge and a second fuel charge that are
unequal in magnitude;
wherein said first fuel charge is sufficient to form a lean air-fuel
5  mixture that will not ignite at the then existing conditions in the cylinder, and
said second fuel charge is sufficient to form an ignitable air-fuel
mixture adjacent the spark plug, which initiates combustion and causes

subsequent auto-ignition of the lean mixture.
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6. The method of claim 1, wherein the prescribed threshold value
for the pressure rise in the combustion chamber is about 500 kPa/degree of

crank rotation.

7. The method of claim 1, including the step of:

operating the engine with an overall stoichiometric air/fuel ratio.

8. The method of claim 1, wherein valve actuation is electro-

hydraulic.

9. The method of claim 1, wherein valve actuation is mechanical.



WO 2006/016937 PCT/US2005/017754

1/6

10
\ 28 30

\ [
18— ‘mE\\EE 22

20 4

14
12

24

D 38 40
2 _
N\

32
L]
5 [

FIG. 1




PCT/US2005/017754

WO 2006/016937

2/6

_
(=
| [ LLE
=
=
e =
N (aX]
o // o
‘—
r~ ”Vl-lul-lll.ll
< \.1\\.\:1.
SNy
ll’llllll’ll'
- ~q
\s
P
|
| kﬂ\\\\
ERINN
.m W [ ~—r—
1k .m \ ———
w = \\ llll!lv
1K=
M 2_ 2_ L.
1 N
1
I I
|
|

HIT SAIPA

60 120 180 240 300 360 420 480 540 600 660 720

0

Crank Angle (degree ATDC Combustion)

FIG. 2

420

T T T T T T T T ]
! ] I ] i 1 1 1 1
1 ] 1 1 1 ] ] I ]
! ] 1 1 } 1 I 1 1
R A et £ L S S
] I
T
I 1 ) ) il 1 1 [
RSN [P SEpRIpUI I AU SRR | SN NI B o n L. ]
i T B b = O
] I I | * 1 1 Mw =
R SSUONS S VN SO NN O | 0
I ] 1 ] T ] 1 p )
I 1 [ I [ I C =
] o1 P - C
ety Tt e e L R Mt e -
A (A R I 4=
1 1 1 I i I 1 (o) I
| 1 1 1 I—_ I I n p
I S e B e e T et B — 77 M it
I 1 ] 1 v ] ! (7,3
T R R T “
| | I [ 1 I [ ]
e R S e -~
AR _
1 1 1 ] 1 I 1 |
AN SRV SRS USRS NN &SNS RN B ! Lo
oo P
I 1 i 1 1 1 i
I 1 ] 1 1 1 i
I T B & G IR RO SYSU
] 1 [ [ 1 [ 1
] i 1 1 1 1 1
1 i i 1 1 I 1
1 3 t 1 ] I ]
e e e — L PUSPUDORL PRGN SRR I YN .
1 I I 1 ] 1 1
1 1 i 1 1 1 1
1 1 I i I 1 1
1 1 1 1 i i 1
R R R S S S S S
] 1 1 1 3 [} ]
i ] 1 1 i 1 1
I 1 1 1 ] ] 1
Y Y e
I
1 1 1 1 I 1 1
I 1 1 1 1 1 ]
[ 1 1 1 I 1 1
R D
1 1
I 1 1 [} ] ] 1
i 1 ] 1 1 I ]
1 1 ] ] 1 1 ]
B
1 1 1
1 i 1 i 1 ] 1
1 3 ] 1 1 1 ]
Y VU NN SV SNV ISP SN SNV UV R
1 I ] 1 ] 1 ]
1 i 1 1 1 ] 1
1 1 1 1 1 1 i
L N
< N O o 0 N O o Vv <«
N N N — — -

(DaLy seai1bap a|Bup-jupId)
2Inssalid )bdd JO Uo7

460 480 500 520 540

440

Net Mean Effective Pressure (kPq)

FIG. 3



PCT/US2005/017754

WO 2006/016937

3/6

[} I 1 1 ] T T T 1
E H A T S S S B
] ] I I ] ] I (=]
| 5 ¢ SR TR N . T Y N S .~
=2 1 I T S O N S B £ 72)
| |os= | b b
L I e N
=0 _ I T I | _ o
| = a1
(Rl I N R R
oF| | | | W o
NE I
QU ] 3 [ —_ 1 } | ﬂU
R . SO A 1 S A S S 4
ol R T R T S 7+
1 O T U 5 S N A
. — i|%lllJlll|ﬂll?Jllll1llldllllﬂlll
I
1 1 1 1 [ [ 1 1 o
A D
[ P SN IS NPT U NIV SN JUGIOIN DU
] ) ] I I 1 1] ] ]
1 1 1 ] ] I 1 1 1
R A s
e B B & A e e e S V-1
A I
1 I 1 1 ] 1 1 I
“ 1 1 1 I
! o o
B e e R s ¢t B e e I
! | ! ! <t
1 ) ] ]
] 1 )] |
b htentenient miuienianie Renlentenbend mubenientend
I H ] |
| 1 ] I
R =
lllJllIlﬂlllJllllWlll-h‘
1 1 1 1 <t
I ] 1 1
] 1 1 1
J D ES PR SR
1 ] ] 1
1 ] 1 |
i i | i o
1 1 1 1 0
QO O O O O
O ) < o «

(so

(0)

OAIDA SAlDOBON

16op o|bun-3urId) dPIISAD

Net Mean Effective Pressure (kPa)

FIG. 4

440 460

420

20.0

T T
I ]
= .
c
S [h N R R
c © ol A .
geSge i
o252 | vl o
=00 og it R
£ 9c0c | | n_- b
o £ EQ [T hd ]
DESE=0]| 1y P
c gL e | A
3 R | R S
n | O O
lllﬂllb.IlllﬂlllAllllWlll.
i | B A
R T - A
I 1 1 ]
1 1 | ] I 1 | ]
[} ] | ] I ] 1 t
| ] I | | | 1 ]
S N N S T Uy F—— T— VI T——
1 1 ] I ] 1 1 ]
1 1 t ] t 1 1 I
[} 1 ] I ] 1 1 1
1 1 I 1 I 1 1 t
SRS [SYUNYRNE | S UON [ SNy S NS SR NSy VIS NIy PRy, R —"—"
| 1 [ | I 1 1 3
[} 1 I 1 ] 1 1 I
1 1 I 1 1 1 1 1
1 1 I 1 1 1 1 I
L S S ay sl DTSt LY ISR PUPURES S,
I 1 I ] ] 1 1 ]
1 1 t ] ] 1 | ]
[} 1 ! I ] 1 1 ]
| 1 ] I I 1 1 ]
+ R R e e B e B Mt
| ] 1 | 1 ! ] 1
1 ] 1 1 1 1 1 I
1 ] 1 1 1 1 1 I
1 ] 1 1 1 I i I
e S i Y ke InAmantat Meienkah Bttt Ranhaiank St S—
1 1 1 1 1 1 1 ]
| 1 1 1 1 1 1 }
1 ] ] 1 1 i i I
| 1 ! 1 1 1 ] 1
R R ¥ i A IR R B SRR R
i 1 i [} i I I 1
i 1 1 [} 1 I ] 1
i [ ] | | ] I |
IS SEUSUUE BN, U | N IV S SONUHUN GHUNONN EUS
5 ] 1 ] 1 ] ] 1
1 1 1 1 1 ] [} ]
1 1 1 1 1 ] i I
1 | | | 1 1 | | I
] ] ! 1 1 | 1 1 1
©O OO0 0o oo o o o
W VW ¥ N O o0 VvV ¥ N O
Ll o e

(Buw) sspp [on4 paloalu)

400

FIG. 5

Net Mean Effective Pressure (kPa)



PCT/US2005/017754

WO 2006/016937

4/6

T T T ] i T T T I}
I | i 1 1] | 1 1 |
i o e

e M L9

Scl|i b 1 1 o
O | I | i 1 1 ]

L QO .= e I e ey TTT SV
B [T T
co|l 14 e

B = e e e e e ey
S|l ikl

e e e
So[TrrTTTTTTTTTT
(707 0 i b i i | | o

IS [5G S S S AN S

viEo e
R
o ] B s & e T Rty Sttt SR
I A

IS N N N R O T S O £ -
e e -
A

R e S
BERSEEEE

o

e A Haan R T S S I
A L
1 1 i I [} t ] 1

N T S . B e T
] ] 1 ] 1 4 I 1
o A .
[} § ] ! 1 I ] 1

Rt St ST S L L T e s sl STt I o
e T T T =
] I ] 1 1 1 ] 1
] I 1 i | 1 ] 1

ERARnSS Sy Ity Mttt R T T T T T T T T T T T
1 ] I I 1 I I 1
Lo S

S S A B e
I 1 1 1 1 1 1 1 4
1 1 ] I 1 ) 1 I
| 1 1 ] 1 [} I ]

I I O O O O O O~

O v O v O v O v O v O

N I I 9 v N NN - —

(Dalg seaibap ojSup-3upID)

9OUDAPY indsg

FIG. 6

Net Mean Effective Pressure (kPa)

T T T 1 ¥ T T T T
BN
| lom I N N N
. i “ j A | ;

! i | i ] 1o ]

1 1 I 1 I I 1
R B e e e R R I
] ] i i 1 T 1
| ! ] | i P i
B e R A R e e e R
[ i ] ] I _D [ 1
| 2 ] i | ] i i
B S A T A R
1 I ] 1 1 1 ] ]
=3 LAY S N VO | B O S
S|l B
o~ | | " 1 v ! ]
I A A
e e | i ] i I 1
- I 1 I 3 1 1
el e e e
c2|m | id |
el T T s e e
[ A R .
Y41 0 O O
Scell | || A
ooy ¢ L 4]
o551 1 T
r— c c 1 ] I 1 1 1 1
Lol L A
o EE[TTTITe T
O ] I 1 ) 1 1
n a0 Bl B S Bnnte b miienintet Sentntuntd it
sa&l 1 AR
S I
I I 1 ] I ] I
i EEEN R
, R A |
T R S SN S SR T A
o 1N O v O v O v O uw O
) N O N ) N O N 1D N O
I T T O o v N N N N

(Dqalg sesibap a|bup-jupId)
Buiwil uoyos(ul jo pug

420

460

440

400

Net Mean Effective Pressure (kPq)

FIG. 7



PCT/US2005/017754

5/6

WO 2006/016937

80

T T T i T T T T T T T T T T T
[} — | 1 1 | 1 I ] _ _ 3 1 ] 1 i
i A R T A o S T T
--lL_lJT/ITI.__----T-L_----T, c s 6 ] 1
1 \ ! 1 ) I I .m (75} Je= € @l N SN DU S Y A0 [ =)
1 ] I ] I ) c -
1 _ v i ] I I = 090 S0 1 1 ~
I USSR \ . At O .nl.v L Q *T 1 | 1 1 |
1 \ ] ) ] ] D = —_ O [Z] Lo !
LN L 28 e EQ| (ol 11 1]
N sl g QS G
i g i ; ) £ 0 o OE| || ! 1o “
ilgli ™ o= & &5 )
llll_ll (72 - _IIII - _IIII_ III~II .m m . add 1 I I 1 I 1
I = U R R A © I | e e 4 e e b
o 10
1 O | I 1 i ! = | < H 1 ] 1 i 1 ]
T O I I S S e N 1O > . I i I 1 1 1 1
5 A T N ] 0 @2 : N A
] Y | o ; R A=
llllll S S S— R, N - L | R [ SR SR R R
T=-1 O -1 =\ === | = 1 R e e e <
A = Lt o- —
=] i i \i 1 ) i ] o o R b o
e S T T = i e
| 1 .m ARV NS A S 4805 SR VUG MV, S
o )
| 2 I 7 N B B
L . < S R
(] 1 1 1 1 I 1 1 1 o
85 N e TR
¥ 0 AL ST
. s F i ' T S T
PONIsGL b a1 o
o0 T N
12 =2 ol AN
N S-SRV A
I
I Lol e Lt 1o
[ | ] I [ I 1 1 ]
1 | \ ) 1 1 1 1 |
o I T B
S LN e
IS N S A B W A S S Sy
| ! R R T o '
| “ A U
! ! 8 NN T T . W O 1 -
o o o < OO0 0000 00 o0 ooY
o 10 T O0OO000O0OO0O00O0
O 1O D < ¥ O O N N~ ~ O ONMOWOWOoIW
NI ONANM— r—
(e2160p/0d31) S} @INssald WNWIXOW (o)) @1nssaid JopuliAs

FIG. 9

Crank Angle (degree ATDC Combustion)



PCT/US2005/017754

WO 2006/016937

6/6

] 1 T 1] 1] T T
RN
c 1 [ ] [ | i
o. ’
Lol | 1 L
5 ollISl | | 1 .
O = |Z) | I 1 e
=3liGl 1 1 LA
-_ mv.. 1 DO- i 1 ] W
c | [ ) ) ¢ 1
O == M
o=lilol T T/ T 1
caligll | 4 1
ol oA
<= ] " 1 | I
| ] & ] 1 ]
|1 } ) 1 I 1
1| L4 1 I 1
_ vt A [ i i
B 1]l (A I 1
3 B Y 22 -l St st sttt Sty
. ] o | i ]
: 1 - I ] I
! ] [ i 1 1
! ] i [ 1 ] ]
! | 1 1 I
H ] [ i ]
1 ) i ] 1
| bl ]
! i 1 I i
| i [ [ | i
H i l ] 1 | i
L 1 ) 1 1 1 1
I e e e e et Rt
] (R 1 1 1
! i ] \ | i | i
I [}
UL N N
i ] i | [ 1 ]
AT A N A A
TN | 1N i 1
R [ [ 1
! 1 ) 1ol | 1
AN TR
B T S B O s
A N
H ] i | i M
! i I I | 1% 1
N ™M
1 | ] ] 1 ] T
! I ] | 1 KN
N
! 1 | ] { 1 NG
i i I ] i i 1
! | I i ! I ]
O T N O 600 O =r N O
— = = e

(o/%)
a1y Buluing ssp lopuljid

0.8

0.6

0.4
Mass Burned Fraction

FIG. 10

0.2



International application No.

INTERNATIONAL SEARCH REPORT

PCT/US05/17754
A, CLASSIFICATION OF SUBJECT MATTER
IPC(7) . DOIH 7/64
US CL . 123/295.000

According to International Patent Classification (IPC) or to both national classification and IPC
B. FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)
U.S. : 123/295.000

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category * Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
X 6,386,177 B2 (URUSHIHARA et al 14 May 2002 (14.05.2002), see entire document. 1 and 4-9
A US 6,497, 213 B2 (YOSHIZAWA et al 24 December 2002 924 .12.2002) . 2 and 3

l:l Further documents are listed in the continuation of Box C. I:‘ See patent family annex.

* Special categories of cited documents: “r” later document published after the international filing date or priority
date and not in conflict with the application but cited to understand the
“A”  document defining the general state of the art which is not considered to be of principle or theory underlying the invention
particular relevance
“Xr document of particular relevance; the claimed invention cannot be
“E”  carlier application or patent published on or after the international filing date considered novel or cannot be considered to involve an inventive step

when the document is taken alone
“L"  document which may throw doubts on priority claim(s) or which is cited to

establish the publication date of another citation or other special reason (as “y” document of particular relevance; the claimed invention cannot be
specified) considered to involve an inventive step when the document is
combined with one or more other such dc such combination
*O”  document referring to an oral disclosure, use, exhibition or other means being obvious to a person skilled in the art
“p"  document published prior to the i jonal filing date but later than the “&” document member of the same patent family

priority date claimed

Date of the actual completion of the international search Datzfgwiﬁ-:ﬁ)ghé 55§ational search report

28 July 2005 (28.07.2005)

P.0. Box 1450
Alexandria, Virginia 22313-1450 Telephone No. (571)

o
Name and mailing address of the ISA/US Authorized officer G )
Mail Stop PCT, Attn: ISA/US W M
Commissioner for Patents WILLIAM DIXON 7/% g L7
41600

RN

Facsimile No. (703) 305-3230 /.

Form PCT/ISA/210 (second sheet) (January 2004)



	Abstract
	Bibliographic
	Description
	Claims
	Drawings
	Search_Report

