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flame generated by the spray guide combustion, thereby causing self-igni-
tion and diffusion combustion of fuel to occur. In an operation range in
which the engine load is higher than a predetermined load, the apparatus
performs third injection at such a third injection time before the first injec-
tion time during the compression stroke that causes the fuel injected by
said third injection to be burned by self-ignition or diffusion combustion
after the start of the second injection.
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Description

Title of Invention: CONTROL APPARATUS FOR INTERNAL
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[0003]

[0004]

[0005]

COMBUSTION ENGINE
Technical Field

The present invention relates to a control apparatus for an internal combustion
engine.
Background Art

What is called diesel combustion, in which fuel is directly injected into compressed
air in the combustion chamber, self-ignites, and is burned by diffusion combustion, has
a higher thermal efficiency as compared to combustion by spark ignition. In recent
years, in order to enjoy this advantage of diesel combustion also in gasoline engines,
technology for causing gasoline to self-ignite and burn by diffusion combustion has
been developed.

For example, in the technology disclosed in PTL 1, first fuel injection is performed
by an in-cylinder injection valve during the period in the first half of the compression
stroke to produce substantially homogenous air-fuel mixture in the entirety of the
combustion chamber. Then, the air-fuel mixture produced by the first fuel injection is
spark-ignited. Thereafter, second fuel injection is performed to burn the injected fuel.
With this combustion, the temperature and pressure in the combustion chamber rise to
cause the remaining fuel to self-ignite.

PTL 2 discloses a technology that causes diffusion combustion to occur in a
relatively high load operation range of the gasoline engine in which knocking is likely
to occur. In the technology disclosed in PTL 2, in the operation range in which
knocking is likely to occur, first fuel injection is performed in the cylinder at a time
before the top dead center of the compression stroke to burn the injected fuel by spark
ignition. Then, second fuel injection is performed in the cylinder at a time after the top
dead center of the compression stroke, at which the pressure of in the combustion
chamber has been raised by the combustion, to cause the injected fuel to burn by
diffusion combustion. In this technology, either homogenous fuel injection that
produces homogeneous air-fuel mixture in the entirety of the combustion chamber or
stratified fuel injection that produces air-fuel mixture only in a part of the interior
space of the combustion chamber is selectively performed as the first fuel injection,
depending on the engine speed.

PTL 3 discloses a technology for causing diesel combustion using as fuel natural gas
having a relatively high self-ignition temperature. In the technology disclosed in PTL

3, fuel injection is performed in a specific spark ignition region in the combustion
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chamber at a time in the early or middle stage of the compression stroke to produce air-
fuel mixture that can be spark-ignited. The air fuel mixture produced in this spark
ignition region is ignited at a time immediately before the top dead center of the com-
pression stroke to cause spark-ignition combustion. Thus, a high-temperature, high-
pressure condition enabling self-ignition of natural gas is established in the combustion
chamber. Thereafter, fuel is injected directly into the combustion chamber in the high-
temperature, high-pressure condition to cause the fuel to burn by diesel combustion.

Citation List

Patent Literature

PTL 1: Japanese Patent Application Laid-Open No. 2002-276442
PTL 2: Japanese Patent Application Laid-Open No. 2007-064187
PTL 3: Japanese Patent Application Laid-Open No. 2003-254105

Summary of Invention

Technical Problem

In the case where fuel having a relatively high self-ignition temperature like gasoline
is burned by diesel combustion, when the quantity of fuel injected into the combustion
chamber is increased in response to an increase in the engine load, there is a possibility
that a situation in which the quantity of oxygen is insufficient relative to fuel may arise
locally to lead to an increase in the amount of smoke generated. The present invention
has been made in view of this problem, and its object is to bring about diesel
combustion with reduced amount of smoke in an internal combustion engine using a
fuel having a relatively high self-ignition temperature.
Solution to Problem

In the apparatus according to the present invention, first injection is performed
during the compression stroke by a fuel injection valve capable of injecting fuel into
the combustion chamber of the internal combustion engine, and the fuel injected by the
first injection (which will be sometimes referred to as the “first injected fuel”) is
ignited by spark ignition. Thereafter, second injection that mainly determines the
power of the internal combustion engine is started at a time before the top dead center
of the compression stroke. As a consequence, combustion of the fuel injected by the
second injection (which will be sometimes referred to as the “second injected fuel”) is
started by flame generated by spark ignition of the first injected fuel, and self-ignition
and diffusion combustion of fuel occur.

In the apparatus according to the present invention, in an operation range in which
the engine load of the internal combustion engine is higher than a predetermined load,
third injection is performed in addition to the first injection and the second injection.

The third injection is performed at a time before the first injection during the com-
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pression stroke. The fuel injected by the third injection (which will be sometimes
referred to as the “third injected fuel”) is burned by self-ignition or diffusion
combustion after the start of the second injection. In the context of the present
invention, the terms “first injection”, “second injection”, and “third injection” are used
only for the sake of convenience in making a distinction among fuel injections
performed during one combustion cycle.

More specifically, a control apparatus for an internal combustion engine according to
the present invention comprises:

a fuel injection valve capable of injecting fuel into a combustion chamber of an
internal combustion engine;

an ignition device whose position relative to the fuel injection valve is set in such a
way that fuel spray injected through said fuel injection valve passes through an
ignition-capable region and the ignition device can ignite the fuel spray directly; and

combustion control means that performs first injection through said fuel injection
valve at a first injection time during the compression stroke, ignites pre-spray formed
by the first injection by said ignition device, and starts to perform second injection
through said fuel injection valve at a second injection time after the ignition of said
pre-spray by said ignition device and before the top dead center of the compression
stroke with a predetermined first injection interval between said first injection time and
said second injection time, said first injection interval being set in such a way that
combustion of the fuel injected by said second injection is started by flame generated
by ignition of said pre-spray, thereby causing self-ignition of fuel to occur and causing
a portion of fuel injected by said second injection to be burned by diffusion
combustion,

wherein in an operation range in which the engine load of the internal combustion
engine is higher than a predetermined load, said combustion control means performs
third injection in addition to said first injection and second injection at a third injection
time prior to said first injection time during the compression stroke with a second
injection interval between said first injection and said third injection, said second
injection interval being set in such a way that the fuel injected by said third injection is
burned by self-ignition or diffusion combustion after the start of said second injection.

In the apparatus according to the present invention, the position of the ignition device
relative to the fuel injection valve is set in such a way that the ignition device can
directly ignite passing fuel spray, which is fuel spray injected through the fuel injection
valve and passing through the ignition-capable region. In a known typical mode of
igniting fuel spray, air-fuel mixture is brought to the ignition-capable region of the
ignition device by means of gas flow formed in the combustion chamber when the

intake valve is opened or utilizing the shape of a cavity or the like located on top of the
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piston, so that the fuel spray is ignited by the ignition device. In such a generally
employed mode of ignition, in order to enable satisfactory ignition of fuel spray, the
injection time at which injection through the injection valve is to be performed is
limited by the opening time of the intake valve and the position of the piston in the
cylinder and other factors. In contrast to this, in the control apparatus for an internal
combustion engine according to the present invention, since the relative position of the
fuel injection valve and the ignition device is set relative to each other as described
above, control of the fuel injection time and the ignition time has very high flexibility,
enabling control of fuel injections by the combustion control means, which will be
described later. Preferably, the ignition device employed with the present invention is
adapted to be capable of directly igniting the passing fuel spray injected through the
fuel injection valve at desired time regardless of the opening time of the intake valve or
the piston position of the internal combustion engine.

In the combustion control according to the present invention, the first injection is
performed at the first injection time during the compression stroke, and the pre-spray
formed by the first injected fuel is ignited by the ignition device. Then, after the second
ignition is started at the second injection time before the top dead center of the com-
pression stroke, self-ignition and diffusion combustion of fuel occur. Although the
second injection is started at a time before the top dead center of the compression
stroke, it may continue past the top dead center.

The interval between the first injection time and the second injection time is a prede-
termined first injection interval. The first injection interval is set in such a way that
combustion of the second injected fuel is started by flame generated by ignition of the
pre-spray. In other words, the first ignition time is not set as an arbitrary time during
the compression stroke but determined in relation to the second injection time in such a
way that ignition of the first injected fuel can generate flame serving as an ignition
source for combustion of the second injected fuel. After combustion of the second fuel
starts, the temperature and pressure in the combustion chamber rise, so that self-
ignition of fuel occurs, and at least a portion of the second injected fuel is burned by
diffusion combustion. The fuel burned in combustion started by ignition by the ignition
device is only a part of the first injected fuel, and a large part of the first injected fuel is
burned by self-ignition or diffusion combustion after the start of the second injection.
In consequence, in the above-described combustion control, the first injected fuel and
the second injected fuel both contribute to the power of the internal combustion engine.
Therefore, diesel combustion having high thermal efficiency can be brought about.

In the apparatus according to the present invention, as the engine load of the internal
combustion engine increases, it is necessary to increase the quantity of fuel injected

into the combustion chamber. However, since the second injection is performed at a
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time near the top dead center of the compression stroke, at which the pressure in the
combustion chamber is very high, the penetration of the fuel spray injected through the
fuel injection valve is low. In other words, the fuel spray injected by the second
injection is hard to spread extensively. Therefore, if the quantity of the second injected
fuel is increased too much, the quantity of oxygen present around the spray of the
second injected fuel or the quantity of oxygen available for combustion of the second
injected fuel becomes insufficient relative to the quantity of fuel, possibly leading to an
increase in the smoke generated.

As described above, a large part of the first injected fuel is not burned by ignition by
the ignition device but remains unburned in the combustion chamber at the time when
the second injection is performed. Therefore, as the first injected fuel quantity is
increased instead of or together with the second injected fuel, the quantity of unburned
residue of the first injected fuel remaining in the combustion chamber at the time when
the second injection is performed also increases. However, if the quantity of the first
injected fuel is increased too much, when the second injection is performed, the
quantity of oxygen present around a region in the combustion chamber in which the
unburned residue of the first injected fuel and the second injected fuel overlap (or
coexist) or the quantity of oxygen available for combustion of the fuel existing in that
region becomes insufficient relative to the quantity of fuel, possibly leading to an
increase in the smoke generated.

Thus, if the quantity of injected fuel in the first and/or second injection is increased
too much, there is a possibility that the amount of smoke generated may increase. In
view of this, in the apparatus according to the present invention, in the operation range
in which the engine load of the internal combustion engine is higher than a prede-
termined load, the combustion control means performs the third injection in addition to
the first injection and the second injection. The predetermined load mentioned above is
a threshold of the engine load above which the quantity of fuel needed to be injected
into the combustion chamber in one combustion cycle is relatively large and an
increase in the first injected fuel quantity or the second injected fuel quantity might
lead to an increase in the amount of smoke generated. The third injection is performed
at the third injection time prior to the first injection time during the compression
stroke. The interval between the first injection time and the third injection time is a
predetermined second injection interval. The second injection interval is determined in
such a way that the third injected fuel is burned by self-ignition or diffusion
combustion after the start of the second injection. In the time period before the first
injection time during the compression stroke, the pressure in the combustion chamber
is relatively low. Therefore, fuel injected into the combustion chamber tends to spread

extensively. Although flame is generated by ignition of the pre-spray of the first
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injected fuel, fuel at locations in the combustion chamber away from the flame is hard
to be burned in combustion started by the flame. Therefore, appropriately adjusting the
interval between the first injection time and the third injection time enables a large part
of the third injected fuel not to be burned by flame generated by ignition of the pre-
spray after the first injection but to be burned by self-ignition or diffusion combustion
after the start of the second injection. In other words, the third ignition time is not set
as an arbitrary time before the first injection time during the compression stroke but
determined in relation to the first injection time in such a way that at least a part of the
third injected fuel can be burned by self-ignition or diffusion combustion after the start
of the second injection. Thus, the third injected fuel is burned by self-ignition or
diffusion combustion after the start of the second injection, so that not only the first
injected fuel and the second injected fuel but also the third injected fuel contributes to
the power of the internal combustion engine. Therefore, even when the third injection
is performed in addition to the first injection and the second injection, diesel
combustion can be brought about with high thermal efficiency.

At the time when the second injection is performed, the third injected fuel has spread
more extensively in the combustion chamber than the unburned residue of the first
injected fuel, because the third injection time is prior to the first injection time.
Therefore, although the third injected fuel is present in the combustion chamber at the
time when the second injection is performed, the third injected fuel is less likely to
overlap with the second injected fuel than the unburned residue of the first injected
fuel. Therefore, the third injected fuel is less likely to be a cause of smoke than the first
injected fuel and the second injected fuel.

In the operation range in which the engine load is higher than the predetermined
load, in the case where the third injection is performed, at least one of the first injected
fuel quantity and the second injected fuel quantity can be made smaller than in the case
where a quantity of fuel required by the engine load of the internal combustion engine
is injected only by the first injection and the second injection without performing the
third injection also in the operation range in which the engine load is higher than the
predetermined range. Therefore, diesel combustion can be brought about with reduced
smoke.

In the apparatus according to the present invention, in the operation range in which
the engine load of the internal combustion engine is higher than the predetermined
load, the combustion control means may increase the third injected fuel quantity and
advance the third injection time in response to an increase in the engine load. By in-
creasing the third injected fuel quantity in response to an increase in the engine load,
the increase in the first injected fuel quantity and the increase in the second injected

fuel quantity can be made smaller. Moreover, advancing the third injection time leads
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to an increase in the second injection interval, which is the interval between the third
injection time and the first injection time. Therefore, even though the third injected
fuel quantity is increased, the third injected fuel can be prevented from being burned
by flame generated by ignition of pre-spray after the first injection. The more the third
injection time is advanced, the lower the pressure in the combustion chamber at the
time when the third injection is performed is, and consequently, the higher the pen-
etration of the fuel spray injected through the fuel injection valve is. In other words,
the fuel spray injected by the third injection tends to spread in the combustion chamber
more extensively. Therefore, the third injected fuel is unlikely to be a cause of smoke.
Therefore, diesel combustion can be brought about with reduced smoke, also in the
operation range in which the engine load of the internal combustion engine is higher.

As described above, in the case where the quantity of injected fuel in the third
injection is increased in response to an increase in the engine load in the operation
range in which the engine load of the internal combustion engine is higher than the
predetermined load, fifty percent or more of an increase in the total injected fuel
quantity responsive to an increase in the engine load may be made up of an increase in
the injected fuel quantity in the third injection, and the remaining portion of the
increase in the total injected fuel quantity may be made up of an increase in the
injected fuel quantity in at least one of the first injection and second injection. Even
when the engine load of the internal combustion engine increases, the amount of
smoke generated can be kept small by keeping the increase in the sum of the first
injected fuel quantity and the second injected fuel quantity smaller than 50 percent of
the increase in the total injected fuel quantity.

In the apparatus according to the present invention, in the operation range in which
the engine load of the internal combustion engine is higher than the predetermined load
and the third injection is performed, the combustion control means may keep the
injected fuel quantity in the second injection at a fixed quantity regardless of the
engine load. In this case, in the operation range in which the engine load of the internal
combustion engine is higher than the predetermined load, the second injected fuel
quantity is not increased even when the engine load is increased, but at least one of the
first injected fuel quantity and the third injected fuel quantity is increased. Con-
sequently, an increase in the amount of smoke generated due to an increase in the
second injected fuel quantity can be prevented. In the combustion control according to
the present invention, it is necessary that self-ignition of fuel occurs after the second
injection, as described above. If the second injected fuel quantity is excessively large,
the temperature in the combustion chamber is decreased by the evaporation latent heat
of the second injected fuel, possibly leading to unstable combustion. By keeping the

injected fuel quantity in the second injection at a fixed quantity regardless of the
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engine load in the operation range in which the engine load of the internal combustion
engine is higher than the predetermined load, unstable combustion can be prevented
from being caused due to evaporation latent heat of the second injected fuel.

In the apparatus according to the present invention, in the operation range in which
the engine load is higher than the predetermined load and the third injection is
performed, the combustion control means may keep the injected fuel quantity in the
first injection at a fixed quantity regardless of the engine load. In this case, in the
operation range in which the engine load of the internal combustion engine is higher
than the predetermined load, the first injected fuel quantity is not increased even when
the engine load is increased, but at least one of the second injected fuel quantity and
the third injected fuel quantity is increased. Consequently, an increase in the amount of
smoke generated due to an increase in the first injected fuel quantity can be prevented.

In the operation range in which the engine load of the internal combustion engine is
equal to or lower than the predetermined load, the combustion control means may
increase the first injected fuel quantity and advance the first injection time in response
to an increase in the engine load. Advancing the first injection time helps extensive
diffusion of fuel spray injected by the first injection. Therefore, by advancing the first
injection time when the first injected fuel quantity is increased, the quantity of the
unburned residue of the first injected fuel that remains in the combustion chamber at
the time when the second injection is performed and is subject to self-ignition or
diffusion combustion can be increased. Consequently, the thermal efficiency can be
improved. However, the first injected fuel is more likely to be a cause of smoke than
the third injected fuel. Therefore, in the operation range in which the engine load is
higher than the predetermined load and the third injection is performed, the first
injected fuel quantity may be kept at a fixed quantity regardless of the engine load,
even in the case where the first injected fuel quantity is increased in response to an
increase in the engine load in the operation range in which the engine load is equal to
or lower than the predetermined load and the third injection is not performed. In this
case, the first injected fuel quantity may be kept at a fixed quantity smaller than the
largest value of the first injected fuel quantity in the operation range in which the
engine load is equal to or lower than the predetermined load, and the first injection
time may be kept at a fixed time later than the most advanced first injection time in the
operation range in which the engine load is equal to or lower than the predetermined
load. In this case, in the operation range in which the engine load is higher than the
predetermined load, the amount of smoke derived from the first injected fuel can be
made smaller than in the case where the first injected fuel quantity is kept at the largest
value of the first injected fuel quantity in the operation range in which the engine load

is equal to or lower than the predetermined load.
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In the apparatus according to the present invention, in the case where the combustion
control means is adapted to increase the injected fuel quantity in the third injection in
response to an increase in the engine load in the operation range in which the engine
load of the internal combustion engine is higher than the predetermined load, the pre-
determined load may be an engine load corresponding to the sum of an upper limit
value of the injected fuel quantity in the first injection and an upper limit value of the
injected fuel quantity in the second injection. The upper limit value of the injected fuel
quantity in the first injection and the upper limit value of the injected quantity in the
second injection are set for the respective fuel injections as quantities with which the
amount of smoke derived from the first/second injected fuel reaches the upper limit of
an allowable range. In the case where the predetermined load is set to the engine load
corresponding to the sum of an upper limit value of the injected fuel quantity in the
first injection and an upper limit value of the injected fuel quantity in the second
injection, if diesel combustion is brought about only by the first injection and the
second injection without performing the third injection also in the operation range in
which the engine load of the internal combustion engine is higher than the prede-
termined load, the amount of smoke will exceed the upper limit of the allowable range.
Therefore, in the operation range in which the engine load of the internal combustion
engine is higher than the predetermined load as such, the injected fuel quantity in the
third injection is increased in response to an increase in the engine load. Thus, the
operation range in which diesel combustion can be brought about can be extended
while keeping the amount of smoke within the allowable range.

Advantageous Effects of Invention

According to the present invention, diesel combustion can be brought about with
reduced amount of smoke in an internal combustion engine using a fuel having a
relatively high self-ignition temperature.

Brief Description of Drawings

[fig.1]Fig. 1 is a diagram showing the general configuration of the air-intake and
exhaust systems of an internal combustion engine to which an example of the present
invention is applied.

[fig.2]Fig. 2 is a diagram showing a mode of ignition by an ignition device with which
the internal combustion engine shown in Fig. 1 is equipped.

[fig.3]Fig. 3 is a diagram illustrating basic combustion control performed in the
example of the present invention.

[fig.4]Fig. 4 is a graph showing the change in the rate of heat release in the combustion
chamber in a case where the basic combustion control according to the example of the

present invention is performed.
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[fig.5]Fig. 5 is a graph showing relationship between the first injected fuel quantity and
the combustion efficiency of the first injected fuel in a case where the first injection is
performed in the basic combustion control according to the example of the present
invention.

[fig.6]Fig. 6 shows the change of the rate of heat release in the combustion chamber
for different modes between which the ratio of the first injected fuel quantity and the
second injected fuel quantity is different in the basic combustion control according to
the example of the present invention.

[fig.7]Fig. 7 is a graph showing relationship between the first injection interval Dil
and the thermal efficiency of the internal combustion engine in the basic combustion
control according to the example of the present invention.

[fig.8]Fig. 8 shows the change in the amount of smoke generated and the change in the
thermal efficiency in a case where the second injection time Tm is fixed at a specific
time before the top dead center of the compression stroke, and the first injection time
Tp is varied, in the basic combustion control according to the example of the present
invention.

[fig.9]Fig. 9 shows a variation in the change in the rate of heat release in the
combustion chamber between the case where the basic combustion control is
performed and in the case where the high load combustion control is performed in the
example of the present invention.

[fig.10]Fig. 10 shows the change in the thermal efficiency of the internal combustion
engine 1 and the change in the amount of smoke generated in relation to the change in
the third injected fuel quantity Spp in the high load combustion control according to
the example of the present invention.

[fig.11]Fig. 11 is a flow chart showing a part of a control flow of the combustion
control according to example 1 of the present invention.

[fig.12]Fig. 12 is a flow chart showing another part of the control flow of the
combustion control according to example 1 of the present invention.

[fig.13]Fig. 13 shows control maps used in the combustion control according to
example 1 of the present invention.

[fig.14]Fig. 14 shows modified control maps used in the combustion control according
to example 1 of the present invention.

[fig.15]Fig. 15 is a flow chart showing a part of a control flow of the combustion
control according to example 2 of the present invention.

[fig.16]Fig. 16 is a flow chart showing another part of the control flow of the
combustion control according to example 2 of the present invention.

[fig.17]Fig. 17 shows control maps used in the combustion control according to

example 2 of the present invention.
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[fig.18]Fig. 18 shows modified control maps used in the combustion control according
to example 2 of the present invention.
Description of Embodiments

In the following, specific embodiments of the present invention will be described
with reference to the drawings. The dimensions, materials, shapes, relative ar-
rangements, and other features of the components that will be described in connection
with the embodiments are not intended to limit the technical scope of the present
invention only to them, unless particularly stated.

Example 1

Fig. 1 is a diagram showing the general configuration of the air-intake and exhaust
systems of an internal combustion engine to which the present invention is applied.
The internal combustion engine 1 shown in Fig. 1 is a four-stroke-cycle, spark-ignition
internal combustion engine (gasoline engine) having a plurality of cylinders. Fig. 1
shows only one of the plurality of cylinders.

In each cylinder 2 of the internal combustion engine 1, a piston 3 is provided in a
slidable manner. The piston 3 is linked with an output shaft (crankshaft), which is not
shown in the drawings, by a connecting rod 4. The interior of the cylinder 2 is in com-
munication with intake ports 7 and exhaust ports 8. An end of the intake port 7 opening
into the cylinder 2 is opened/closed by an intake valve 9. An end of the exhaust port 8
opening into the cylinder 2 is opened/closed by an exhaust valve 10. The intake valve 9
and the exhaust valve 10 are driven to be opened/closed respectively by an intake cam
and an exhaust cam not shown in the drawings.

Furthermore, each cylinder 2 is provided with a fuel injection valve 6 for injecting
fuel into the cylinder. The fuel injection valve 6 is arranged at the center on top of the
combustion chamber formed in the cylinder 2. Moreover, an ignition plug 5 that can
ignite fuel injected through the fuel injection valve 6 is provided in the cylinder head
of the internal combustion engine 1. Specifically, the fuel injection valve 6 has an
injection port 6a with which fuel can be injected nearly radially in 16 (sixteen) di-
rections as shown in Fig. 2. The position of the ignition plug 5 relative to the fuel
injection valve 6 is arranged in such a way that at least one of the fuel sprays injected
from the injection port 6a passes through a region 5a in which the ignition plug 5 is
capable of igniting and that the fuel spray thus passing through this region 5a can be
directly ignited by a spark generated between the electrodes in the region 5a. The
ignition plug 5 is located between the two intake valves 9 so that it does not interfere
with the operations of the intake valves 9 and the exhaust valves 10. The location of
the ignition device in the apparatus according to the present invention is not limited to

a position between the two intake valves.
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The ignition plug 5 and the fuel injection valve 6 configured as above can carry out
spray guide combustion. In other words, the ignition plug 5, which is arranged in such
a way as to be capable of directly igniting fuel injected through the fuel injection valve
6, and the fuel injection valve 6 are adapted to be capable of igniting injected fuel
passing through the region 5a at any desired time regardless of the opening timing of
the intake valves 9 of the internal combustion engine 1 or the position of the piston 3.
Air guide combustion and wall guide combustion are also known as conventional
combustion methods in which fuel injected through the fuel injection valve is ignited
directly by the ignition plug. In the air guide combustion, fuel injected through the fuel
injection valve is carried to the neighborhood of the ignition plug by means of air
flowing into the combustion chamber with opening of the intake valve and ignited by
the ignition plug. In the wall guide combustion, injected fuel is carried to the
neighborhood of the ignition plug utilizing the shape of a cavity provided on top of the
piston and ignited by the ignition plug. In the cases of the air guide combustion and the
wall guide combustion, it is difficult to perform fuel injection and ignition unless a pre-
determined time for opening the intake valve is reached and a predetermined piston
position is established. The spray guide combustion according to this example allows
very flexible fuel injection and ignition timing control as compared to the air guide
combustion and the wall guide combustion. In this example, as shown in Fig. 2, the
fuel injection valve 6 and the ignition plug 5 are arranged in such a way that one of
fuel sprays injected from the injection port 6a strikes the electrodes of the ignition plug
5. However, the ignition-capable region of the ignition plug 5 is not limited to the
region 5a between the electrodes but includes a region around the electrode also.
Therefore, it is not necessarily required that a fuel spray injected from the injection
port 6a strike the electrodes of the ignition plug. In other words, it is not necessarily
required that the ignition plug 5a be located in line with the direction of fuel injection
from the injection port 6a (namely, on the center axis of the fuel spray). Even in the
case where the fuel spray injected from the injection port 6a is offset from the
electrodes of the ignition plug 5, spray guide combustion started by a spark generated
between the electrodes of the ignition plug 5 can be brought about, if the fuel spray
passes the ignition-capable region. Thus, in this example, what is required is that the
position of the ignition plug 5 relative to the fuel injection valve 6 be arranged in such
a way that spray guide combustion can be brought about. Therefore, the ignition plug 5
may be offset from the direction of fuel injection (namely, the center axis of the fuel
spray) from the injection port 6a.

Returning back to Fig. 1, the intake port 7 is in communication with an intake
passage 70. The intake passage 70 is provided with a throttle valve 71. An air flow
meter 72 is provided in the intake passage 70 upstream of the throttle valve 71. On the
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other hand, the exhaust port 8 is in communication with an exhaust passage §0. An
exhaust gas purification catalyst 81 for purifying the exhaust gas discharged from the
internal combustion engine 1 is provided in the exhaust passage 80. As will be
described later, the exhaust gas discharged from the internal combustion engine 1 has
an air-fuel ratio leaner than the stoichiometry, and a selective catalytic reduction NOx
catalyst capable of removing NOx in the exhaust gas having such a lean air-fuel ratio
and a filter capable of trapping particulate matter (PM) in the exhaust gas may be
employed as the exhaust gas purification catalyst 81.

Moreover, an electronic control unit (ECU) 20 is annexed to the internal combustion
engine 1. The ECU 20 is a unit that controls the operation state of the internal
combustion engine 1 and the exhaust gas purification apparatus etc. The ECU 20 is
electrically connected with the aforementioned air flow meter 72, a crank position
sensor 21, and an accelerator position sensor 22, and measurement values of the
sensors are input to the ECU 20. Thus, the ECU 20 can recognize the operation state of
the internal combustion engine 1, such as the intake air quantity based on the mea-
surement value of the air flow meter 72, the engine speed calculated based on the mea-
surement value of the crank position sensor 21, and the engine load calculated based
on the measurement value of the accelerator position sensor 22. The ECU 20 is also
electrically connected with the fuel injection valve 6, the ignition plug 5, and the
throttle valve 71 etc. These components are controlled by the ECU 20.

<Basic Combustion Control>

Basic combustion control performed in the internal combustion engine 1 having the
above-described configuration will now be described with reference to Fig. 3. Fig. 3(a)
schematically shows procedure of fuel injection and ignition in combustion control
performed in the internal combustion engine 1 in time sequence from left to right of
the diagram (see upper row of Fig. 3(a)) and phenomena relating to combustion which
are considered to occur in succession in the combustion chamber as results of the fuel
injection and ignition (see the lower row of Fig. 3(a)). Fig. 3(b) shows relationship
between first injection and second injection, which are included in the fuel injections
shown in Fig. 3(a), and ignition in time line. The mode shown in Fig. 3 is given only as
a schematic illustration of the basic combustion control performed in this example, and
the present invention should not be considered to be limited to this mode.

In the basic combustion control of this example, first injection and second injection
are performed by the fuel injection valve 6 in one combustion cycle. The first injection
is fuel injection performed during the compression stroke. The second injection is fuel
injection started at a time after the first injection and before the top dead center (TDC)
of the compression stroke. Although the second injection is started at a time before the

top dead center, it may continue past the top dead center. As shown in Fig. 3(b), the
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time of start of the first injection (which will be simply referred to as the “first
injection time” hereinafter) is denoted by Tp, and the time of start of the second
injection (which will be simply referred to as the “second injection time” hereinafter)
is denoted by Tm. The interval between the first injection time and the second injection
time (Tm - Tp) is defined as a first injection interval Dil. Combustion with the first
injection is performed as the above-described spray guide combustion. That is to say,
pre-spray of the fuel injected by the first injection (which will be hereinafter referred to
as “first injected fuel”) is ignited using the ignition plug 5. The time of this ignition is
denoted by Ts as shown in Fig. 3(b), and the interval from the start of the first injection
to the time of ignition (Ts - Tp) is defined as the ignition interval Ds.

In the following, the procedure of the basic combustion control according to the
present invention will be described.

(1) First Injection

In the basic combustion control, in one combustion cycle, the first injection is firstly
performed at the first injection time Tp during the compression stroke. The first
injection time Tp is determined in relation to the second injection time Tm, which will
be described later. As the first injection is performed, the pre-spray of the first injected
fuel injected through the fuel injection valve 6 passes through the ignition-capable
region 5a of the ignition plug 5 in the combustion chamber, as shown in Fig. 2. Im-
mediately after the start of the first injection, the pre-spray of the first injected fuel is
not diffused extensively in the combustion chamber but travels in the combustion
chamber by the penetrating force of injection while involving the air around at the
leading end of the spay jet. Consequently, the pre-spray of the first injected fuel creates
stratified air-fuel mixture in the combustion chamber.

(2) Ignition of First injected Fuel

The pre-spray of the first injected fuel thus stratified is ignited by the ignition plug 5
at the ignition time Ts after the predetermined ignition interval Ds from the first
injection time Tp. As described above, since the first injected fuel is stratified, the local
air-fuel ratio around the ignition plug 5 is at a level allowing combustion by this
ignition even though the first injected fuel quantity (i.e. the quantity of the first injected
fuel) is small. By this ignition, spray guide combustion of the first injected fuel is
brought about. In other words, the ignition interval Ds is set in such a way that the
spray guide combustion can be brought about. In addition to a temperature rise caused
by the effect of compression by the piston 3, a temperature rise is caused in the
combustion chamber by the occurrence of the spray guide combustion. However, the
fuel burned by the spray guide combustion is only a part of the first injected fuel, and a
large part of the first injected fuel is not burned in the combustion caused by the

ignition by the ignition plug 5 but remains in the combustion chamber as “unburned
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residual fuel” after the ignition. This is because the air-fuel ratio of the stratified air-
fuel mixture formed by the first injected fuel is so high in regions relatively distant
from the inter-electrode region of the ignition plug 5 that flame cannot propagate in
such regions. However, the unburned residual fuel is exposed to a high-temperature at-
mosphere resulting from the combustion of a portion of the first injected fuel in the
combustion chamber. Therefore, it is expected that at least a portion of the unburned
residual fuel is reformed in its properties to have improved combustibility, by virtue of
low temperature oxidation under a condition that does not cause it to be burned. It
should be noted, however, that in the context of the present invention, the unburned
residue of the first injected fuel refers to a portion of the first injected fuel that remains
in the combustion chamber in an unburned state without having been burned in the
combustion caused by the ignition by the ignition plug 5, and it is not essential for the
unburned residual fuel to be in a condition showing specific properties.

(3) Second injection

The second injection through the fuel injection valve 6 is started at the second
injection time Tm after the first injection interval Dil from the first injection time
Tp and before the top dead center of the compression stroke (in other words, at time
Tm after the lapse of time equal to Di - Ds from the time of ignition Ts by the ignition
plug 5). In this internal combustion engine 1, the second injected fuel self-ignites and
is burned by diffusion combustion to contribute to the engine power as will be
described later. Therefore, the second injection time Tm is set to such a time that
nearly maximizes the engine power attained by combustion of a quantity of second
injected fuel determined by the engine load and other factors. (This injection time will
be hereinafter referred to as “proper injection time”). Combustion of the second
injected fuel is started by flame generated by the ignition of the pre-spray of the first
injected fuel as the ignition source. In other words, the first injection interval Dil is set
in such a way that the second injection time Tm is set to the proper injection time and
that combustion of the second injected fuel is started by flame generated by the
ignition of the pre-spray. If the second injection time Tm and the first injection interval
Dil are set in this way, the first injection time Tp is necessarily determined. After the
combustion of the second injected fuel starts, the temperature in the combustion
chamber rises further. Consequently, the unburned residue of the first injected fuel and
the second injected fuel self-ignite in the raised temperature field and are burned by
diffusion combustion. In connection with this, in cases where the combustibility of the
unburned residue of the first injected fuel has been enhanced, the self-ignition of fuel
after the start of the second injection is expected to be further promoted.

As described above, in the basic combustion control according to this example, the

above-described series of combustion is caused to occur by the first injection, ignition,
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and second injection. In this specification, the correlation between the first injection
and second injection that enables the combustion of the second injected fuel to be
started by flame generated by the ignition of the pre-spray of the first injected fuel and
then enables the unburned residue of the first injected fuel and the second injected fuel
to self-ignite and be burned by diffusion combustion will be referred to as the
“first-second injection correlation”. In other words, the basic combustion control
according to this embodiment is adapted to perform the first injection and the second
injection that is in the first-second injection correlation with the ignition of the first
injected fuel.

Fig. 4 shows the changes of rate of heat release in the combustion chamber in a case
where the basic combustion control according to this example is performed. Fig. 4
shows the changes of the rate of heat release corresponding to four different control
modes L1 to L4 in a case where the engine speed of the internal combustion engine 1
is 2000 rpm. In these control modes L1 to L4, while the first injection time Tp, the first
injected fuel quantity (i.e. the duration of the first injection), the second injection time
Tm, and the ignition time Ts are the same among the control modes, the second
injected fuel quantity (i.e. the duration of the second injection) is varied among the
control modes. Specifically, the second injected fuel quantity is varied like L1 > L2 >
L3 > L4. Therefore, Fig. 4 shows variation of the change of the rate of heat release
resulting from variation in the second injected fuel quantity under the presupposition
that the first-second injection correlation is established.

In Fig. 4, the rate of heat release shows a first peak in a portion Z1 encircled by a
broken line. This first peak indicates heat generated by the combustion of the first
injected fuel started by ignition (that is, heat generated by the spray guide combustion).
At the time at which the rate of heat release shows the first peak, the second injection
has not been performed yet, and flame generated by ignition of the first injected fuel
and the unburned residual fuel, which is the portion of the first injected fuel that has
not been burned by the ignition, are present in the combustion chamber. Now, the
unburned residue of the first injected fuel will be discussed with reference to Fig. 5.
Fig. 5 shows correlation of the first injected fuel quantity and the combustion ef-
ficiency of the first injected fuel (which will be hereinafter referred to as the “first
combustion efficiency”) for three combustion conditions LS5 to L7, in the case where
the first injection is performed according to the basic combustion control. Specifically,
the first injection time Tp and the ignition time Ts, which are the combustion
conditions, are advanced in the order of L5, L6, and L7, while the ignition interval Ds
or the interval between time Tp and time Ts is fixed. Fig. 5 shows the above-described
correlation in the case where only the first injection and ignition are performed but the

second injection is not performed (namely, in the case where only the spray guide
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combustion is performed).

The first combustion efficiency and the unburned residue rate of the first injected fuel
are in a relationship represented by the following equation 1. Specifically, the higher
the combustion efficiency is, the lower the unburned residue rate is.

[Math.1]

(unburned residue rate of pre-injected fuel) =
1 - (combustion efficiency of pre-injected fuel)
(equation 1)

Referring to Fig. 5, if the first injection time Tp and the ignition time Ts are
advanced (namely, the first injection interval Dil is increased) while the first injected
fuel quantity is fixed, the combustion efficiency of the first injected fuel tends to
decrease, and the unburned residue rate tends to increase consequently. Conversely,
even if the first injected fuel quantity is changed, it is possible to keep the combustion
efficiency of the first injected fuel and the unburned residue rate constant by adjusting
the degree of advancement of the first injection time Tp and the ignition time Ts. As
described above, the basic combustion control according to this example can control
the unburned residue rate of the first injected fuel, which is one of the factors of the
first-second injection correlation, by controlling the first injected fuel quantity, the first
injection time Tp, and the ignition time Ts (i.e. the first injection interval Dil).

Referring back to Fig. 4, the second injection is started at time Tm after the time at
which the rate of heat release shows the first peak and before the top dead center of the
compression stroke. Then, as described before, the second injected fuel is ignited by
flame generated by the ignition of the pre-spray of the first injected fuel to start to
burn, and thereafter self-ignites together with the unburned residue of the first injected
fuel to burn by diffusion combustion. Consequently, a second peak, which is the
highest peak, of the rate of heat release occurs at a time after the top dead center of the
compression stroke. In the case shown in Fig. 4, as the second injected fuel quantity
increases (namely as the duration of the second injection increases), the value of the
second peak of the rate of heat release increases, and the time at which the second peak
occurs becomes later. This means that as the second injected fuel quantity increases,
the duration of the combustion of the second injected fuel increases. It is conjectured
from this that the second injected fuel and the unburned residue of the first injected
fuel are subjected to diffusion combustion or combustion that can be regarded to be
substantially equivalent to diffusion combustion.

Self-ignition of fuel occurring in the basic combustion control according to this
example will be described with reference to Fig. 6. Fig. 6 shows the change of the rate

of heat release in the combustion chamber for two modes L8 and L9 between which
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the ratio of the first injected fuel quantity and the second injected fuel quantity is
different, while the total injection quantity (i.e. the sum of the first injected fuel
quantity and the second injected fuel quantity) in one combustion cycle is kept
constant. In the case shown in Fig. 6, the engine speed of the internal combustion
engine 1 is 2000 rpm. The proportion of the first injected fuel quantity is larger in
mode L9 than in mode L8§. In other words, the first injected fuel quantity is larger and
consequently the unburned residue of the first injected fuel is also larger in mode L9
than in mode L.8. As will be seen in Fig. 6, the value of the second peak of the rate of
heat release occurring after the top dead center of the compression stroke is higher in
mode L9 than in mode L8. Moreover, the falling rate from the second peak of the rate
of heat release (or the inclination of the curve in the graph after the second peak) is
higher in mode L9 than in mode LS. It is conjectured that the above facts suggest that
after the start of the second injection, combustion of the unburned residue of the first
injected fuel and the second injected fuel caused by self-ignition is more promoted
(namely the proportion of fuel burned by self-ignition is larger, and the proportion of
fuel burned by diffusion combustion is smaller) in mode L9 than in mode LS. It is
considered from this that the unburned residue of the first injected fuel contributes to
the promotion of self-ignition after the second injection. The inventors of the present
invention verified that in the basic combustion control of this example, the self-ignition
of fuel after the second injection is promoted also in the case where the unburned
residue of the first injected fuel is increased by controlling the first injection time Tp
and the ignition time Ts as well as the first injected fuel quantity. To sum up, in the
basic combustion control according to this example, it is possible to promote self-
ignition in burning unburned residue of the first injected fuel and the second injected
fuel after the start of the second injection, by controlling parameters relating to the first
injection and the ignition to increase the unburned residue rate.

As described above, in the basic combustion control according to this example, self-
ignition and diffusion combustion of fuel is caused to occur by performing the second
injection after the spray guide combustion caused by the first injection and the ignition
by the ignition plug 5. Therefore, the combustion caused by the basic combustion
control is similar to what is called diesel combustion or can be regarded to be sub-
stantially equivalent to diesel combustion. Consequently, the air-fuel ratio of the air-
fuel mixture in the combustion chamber is allowed to be very high or lean (in the range
between approximately 20 and 70). To bring about combustion at such lean air-fuel
ratio, in the combustion control according to this example, the throttle valve 71 is
opened to a degree larger than in the case of conventional combustion control
(homogeneous stoichiometry control) for gasoline engines. Consequently, the pump

loss in the internal combustion engine 1 can be made smaller. Moreover, since the
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combustion that contributes to the engine power is brought about by self-ignition and
diffusion combustion, the cooling loss in the internal combustion engine 1 can also be
made smaller than in the case of the homogenous stoichiometry control. In con-
sequence, the basic combustion control according to this example can attain high
thermal efficiency that cannot be attained by conventional combustion control for
gasoline engines.

<Description of First-Second Injection Correlation>

In the following, the first injected fuel quantity, the second injected fuel quantity, and
the first injection interval, which are relevant technical factors for establishing the
aforementioned first-second injection correlation, will be specifically described.

The second injection time is set to the proper injection time that nearly maximizes
the engine power of the internal combustion engine 1. Therefore, the engine power
required by an increase in the engine load can be attained up to some extent by in-
creasing the second injected fuel quantity. However, since the second injection is
performed at a time near the top dead center of the compression stroke at which the
pressure in the combustion chamber is very high, the penetration of the fuel spray
injected by the fuel injection valve 6 is low. In other words, the fuel spray injected by
the second injection is hard to diffuse extensively. For this reason, if the second
injected fuel quantity is increased too much, the quantity of oxygen existing around the
spray of the second injected fuel or the quantity of oxygen available for combustion of
the second injected fuel becomes insufficient relative to the quantity of fuel, possibly
leading to an increase in the amount of smoke generated. Furthermore, in the basic
combustion control according to this example, it is necessary that self-ignition of fuel
occur after the second injection. If the second injected fuel quantity is excessively
large, there is a possibility that the temperature in the combustion chamber may be
lowered by the evaporation latent heat of the second injected fuel to make the
combustion unstable.

On the other hand, the first injection is performed at the first injection time Tp during
the compression stroke. Therefore, combustion of the first injected fuel ignited by the
ignition plug 5 may be considered to be counteractive to the engine power of the
internal combustion engine 1. However, what is required in the combustion of the pre-
spray of the first injected fuel caused by ignition is only to produce flame serving as an
ignition source for combustion of the second injected fuel. Therefore, the fuel burned
in the combustion caused by the ignition is only a portion of the first injected fuel.
Consequently, the effect of the spray guide combustion of the first injected fuel coun-
teractive to the engine power is small. The unburned residue of the first injected fuel
that has not been burned in the combustion caused by the ignition by the ignition plug

5 is burned in self-ignition and diffusion combustion together with the second injected
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fuel after the second injection to contribute to the engine power. Therefore, the engine
power required by an increase in the engine load can be attained up to some extent also
by increasing the first injected fuel quantity and increasing its unburned residue rate.

As described before, the first injection interval Dil, which is the interval between the
first injection time and the second injection time in the basic combustion control
according to this example, is set in such a way that combustion of the second injected
fuel is started by flame generated by ignition of the pre-spray of the first injected fuel.
Moreover, the first injection interval Dil is determined taking into consideration the
thermal efficiency of the overall combustion, the quantity of the unburned residue of
the first injected fuel, and the amount of smoke generated.

Fig. 7 shows relationship between the first injection interval Dil and the thermal ef-
ficiency of the internal combustion engine 1. Fig. 7 shows this relationship in a case
where the first injection interval Dil is varied with the first injected fuel quantity, the
second injected fuel quantity, and the ignition interval Ds being fixed.

In this example, the first injection and the second injection subsequent to it are
performed by means of one fuel injection valve 6. Because of its mechanical structure,
a fuel injection valve generally has a minimum injection interval that can be set in
performing multiple times of injection consecutively. In Fig. 7, the range of the first
injection interval that is infeasible because of the mechanical limitation of the fuel
injection valve 6 (i.e. the range of Dil below Dila) is indicated as a mechanical
limitation range R1. On the other hand, as the first injection interval Dil is increased,
the second injection is performed at a time closer to the end of the combustion process
started by ignition of the first injected fuel. In the period close to the end of the
combustion process, since the combustion of the first injected fuel is about to end, it is
difficult for combustion of the second injected fuel to be started by flame generated by
combustion of the first injected fuel. For this reason, if the first injection interval Dil is
too large, there is a possibility that it may be impossible to burn the second injected
fuel, leading to misfire. In Fig. 7, the range of the first injection interval Dil in which
misfire is highly likely to occur (i.e. the range of Dil above Dilb) is indicated as a
misfire occurrence range R2. The lower bound (Dilb in Fig. 7) of the misfire oc-
currence range R2 changes depending on the first injected fuel quantity. If the first
injected fuel quantity is increased, the duration of the combustion of the first injected
fuel started by ignition will continue for a longer period of time. Then, the second
injected fuel can be burned with a longer first injection interval Dil.

As per the above, considering the thermal efficiencys, it is preferred that the first
injection interval Dil be set to Dilx, which falls in the range Rd defined by the lower
bound Dila and the upper bound Dilb and at which the thermal efficiency of the

internal combustion engine 1 has its peak value in Fig. 7.
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As described before, in the basic combustion control according to this example,
combustion of the second injected fuel is started by flame generated by combustion of
the first injected fuel, and the second injected fuel self-ignites and is burned by
diffusion combustion together with the unburned residue of the first injected fuel. In
the early stage of combustion of the second injected fuel, flame generated by
combustion of the first injected fuel and the unburned residue of the first injected fuel
are distributed unevenly in the combustion chamber, and mixing of the second injected
fuel and air in the combustion chamber tends not to be promoted. Therefore, if the
unburned residue of the first injected fuel and the second injected fuel overlap in the
combustion chamber at the time when the second injection is performed, the amount of
oxygen present around the overlapping region or the amount of oxygen available for
combustion of the fuel in the overlapping region can be insufficient relative to the
amount of fuel, and smoke is likely to be generated. The generation of smoke suggests
that combustion is not proceeding in a good condition. Thus, the larger the amount of
smoke generated is, the lower the thermal efficiency tends to be. To reduce the
generation of smoke, it is necessary to reduce the overlapping of the unburned residue
of the first injected fuel and the second injected fuel. However, as described above, the
second injection time is set to the proper injection time before the top dead center of
the compression stroke in order to improve the thermal efficiency of the internal
combustion engine 1. Therefore, in order to reduce the overlapping of the unburned
residue of the first injected fuel and the second injected fuel, which tends to lead to the
generation of smoke, it is preferred to adjust the first injection interval Dil while
setting the second injection time to the proper injection time, namely it is preferred to
adjust the first injection time.

Fig. 8 shows relation between the amount of smoke generated and the first injection
time Tp (see graph (b) in Fig. 8) and relation between the thermal efficiency and the
first injection time Tp (see graph (c) of Fig. 8) for three modes (see diagram (a) of Fig.
8), among which the proportion of the first injected fuel quantity and the second
injected fuel quantity is varied with the total quantity of the first injected fuel and the
second injected fuel being fixed, where the second injection time Tm is fixed at a pre-
determined time before the top dead center of the compression stroke and the first
injection time Tp is varied. The ignition interval Ds (i.e. the length of time from the
first injection time Tp to the ignition time Ts) is the same among all the modes. The re-
lationships between the first injected fuel quantity and the second injected fuel quantity
in respective modes 1 to 3 are as follows:

Mode 1: first injected fuel quantity = X1, second injected fuel quantity = Y1,

Mode 2: first injected fuel quantity = X2, second injected fuel quantity = Y2, and

Mode 3: first injected fuel quantity = X3, second injected fuel quantity = Y3,
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where X1>X2>X3,and YI <Y2<Y3.

In graph (b) in Fig. 8, the change of amount of smoke in mode 1 is represented by
L11, the change of amount of smoke in mode 2 is represented by L.12, and the change
of amount of smoke in mode 3 is represented by L13. In graph (c) of Fig. 8, the change
of the thermal efficiency in mode 1 is represented by L.14, the change of the thermal
efficiency in mode 2 is represented by L15, and the change of the thermal efficiency in
mode 3 is represented by L.16. In graph (b), (c) of Fig. 8, measurement points of the
smoke and the thermal efficiency in mode 1 are represented by circles, measurement
points of the smoke and the thermal efficiency in mode 2 are represented by triangles,
and measurement points of the smoke and the thermal efficiency in mode 3 are rep-
resented by thombuses. The measurement points of the smoke and the thermal ef-
ficiency with the first injection time Tp that makes the thermal efficiency highest in the
respective modes are represented by solid black circle, triangle, and rhombus.

Here, we consider shift from mode 3 to mode 2 and then to mode 1 while focusing on
the aforementioned solid black measurement points. As we can see, by increasing the
first injected fuel quantity and advancing the first injection time Tp, it is possible to
keep the thermal efficiency of the internal combustion engine 1 at around the highest
level while reducing or keeping the amount of smoke generated (see graph (b) in Fig.
8). If the sum total of the first injected fuel quantity and the second injected fuel
quantity is the same, increasing the first injected fuel quantity necessarily leads to a
decrease in the second injected fuel quantity. However, by advancing the first injection
time Tp when the first injected fuel quantity is increased, it is possible to increase the
unburned residue of the first injected fuel (namely it is possible to increase the
unburned residue rate). It is considered that this is because if the first injection time is
advanced, the first injection is performed when the pressure in the combustion
chamber is lower and consequently, the penetration of the pre-spray of the first injected
fuel is relatively higher to facilitate diffusion of the first injected fuel in the combustion
chamber. Thus, since the first injected fuel is diffused more extensively in the
combustion chamber, the quantity of unburned residual fuel to which flame generated
by ignition has not propagated increases. Consequently, a larger quantity of unburned
residual fuel is subjected to self-ignition and diffusion combustion together with the
second injected fuel after the start of the second injection. In consequence, a decrease
in the output power due to a decrease in the second injected fuel quantity can be com-
pensated for by an increase in the power provided by combustion of the unburned
residue of the first injected fuel. Moreover, the extensive diffusion of the first injected
fuel in the combustion chamber can reduce the overlapping of the unburned residue of
the first injected fuel and the second injected fuel after the second injection. Therefore,

the generation of smoke due to the overlapping of the unburned residue of the first
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injected fuel and the second injected fuel can also be reduced. Thus, by increasing the
first injected fuel quantity and advancing the first injection time Tp, it is possible to
reduce the amount of smoke generated while keeping the thermal efficiency of the
internal combustion engine 1 at a satisfactory level.

It will be understood from graph (c) in Fig. 8 that if it is assumed that the first
injection is performed according to modes 1 to 3 while fixing the first injection time
Tp to, for example, the time Ta at which the highest thermal efficiency is attained in
mode 3, as the first injected fuel quantity is increased, the amount of smoke generated
increases and the thermal efficiency of the internal combustion engine 1 decreases. It
will be understood from this fact also that the above-described way of controlling the
first injection in which the injection time Tp is advanced with increases in the first
injected fuel quantity is effective in terms of reduction of smoke and improvement in
the thermal efficiency.

<High Load Combustion Control>

In the following, combustion control during the high load operation in the internal
combustion engine 1 according to this example will be described. In the internal
combustion engine 1 according to this example, when the engine load increases, it is
necessary to increase the quantity of fuel injected into the combustion chamber.
However, as described above, if the second injected fuel quantity is increased too
much, there is a possibility that the amount of smoke may increase and/or the tem-
perature in the combustion chamber may be lowered by the evaporation latent heat of
the second injected fuel to make the combustion unstable. As described above, when
the first injected fuel quantity is increased, it is possible to reduce the amount of smoke
generated by advancing the first injection time Tp, namely by increasing the first
injection interval Dil, accordingly. However, the first injection interval Dil has an
upper bound (Di1b in Fig. 7) as shown in Fig. 7, because it is necessary that flame
generated by ignition of the first injected fuel serves as an ignition source for
combustion of the second injected fuel. If the first injected fuel quantity is further
increased with the first injection interval Dil being kept at the aforementioned upper
bound, the unburned residue of the first injected fuel and the second injected fuel are
apt to overlap when the second injection is performed. Therefore, if the quantity of the
first injected fuel is increased too much, there is a possibility that the amount of smoke
generated may increase. In view of this, in the internal combustion engine 1 according
to this example, in the high load range in which the quantity of fuel required to be
injected into the combustion chamber in one combustion cycle is relatively large, the
third injection through the fuel injection valve 6 is performed in addition to the first
fuel injection and the second fuel injection performed in the above-described basic

combustion control.
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The third fuel injection is performed at a third injection time prior to the first
injection time during the compression stroke with a second injection interval Di2
between third injection time and the first injection time. The second injection interval
Di2 is set in such a way that the fuel injected by the third injection (which will be
hereinafter referred to as the third injected fuel) is burned by self-ignition or diffusion
combustion after the start of the second injection. In the following, the combustion
control in which the third injection is performed in addition to the basic combustion
control will be referred to as the “high load combustion control”.

Fig. 9 shows the change of the rate of heat release in the combustion chamber in the
case where the basic combustion control is performed and in the case where the high
load combustion control is performed. Diagram (a) in Fig. 9 shows when the fuel in-
jections and ignition are performed in the respective combustion controls. In graph (b)
in Fig. 9, curve L17 represents the change in the rate of heat release in the case where
the basic combustion control is performed, and curve L18 represents the change in the
rate of heat release in the case where the high load combustion control is performed. In
the cases shown in Fig. 9, the sum total of the injection quantity in one combustion
cycle is the same among the two combustion controls. Thus, the second injected fuel
quantity is smaller in the high load combustion control than in the basic combustion
control. In the high load combustion control, a quantity of fuel equal to the difference
in the second injected fuel quantity from that in the case of the basic combustion
control is injected by the third injection. In the case shown in Fig. 9, the engine speed
of the internal combustion engine 1 is 2000 rpm.

Since the third injection time Tpp is prior to the first injection time Tp during the
compression stroke, the pressure in the combustion chamber at the third injection time
Tpp is lower than that at the first injection time Tp. Therefore, the penetration of the
spray of the third injected fuel is relatively high, and consequently the third injected
fuel tends to diffuse more extensively in the combustion chamber than the first injected
fuel. Therefore, if the second injection interval Di2 is set appropriately, it is possible to
prevent most part of the third injected fuel from being burned by flame generated by
ignition of the pre-spray of the first injected fuel and to enable it to be burned by self-
ignition or diffusion combustion after the start of the second injection. In graph (b) in
Fig. 9, the first peak of the rate of heat release .18 (which is the peak of the rate of
heat release attributed to combustion caused by ignition of the pre-spray of the first
injected fuel) is substantially the same as the first peak of the rate of heat release L.17
in its time of occurrence and magnitude. It is conjectured from this that the third
injected fuel is not burned upon ignition of the pre-spray of the first injected fuel.

It is considered that the third injected fuel, which is burned by self-ignition or

diffusion combustion after the start of the second injection, acts in the same manner as
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the unburned residue of the first injected fuel in the combustion. In graph (b) in Fig. 9,
the second peak of the rate of heat release L18 (or the maximum peak of the rate of
heat release occurring after the top dead center of the compression stroke) is higher
than the second peak of the rate of heat release L17. Moreover, the falling rate from the
second peak of the rate of heat release (i.e. the inclination of the graph after the second
peak) is higher in L.18 than L17. It is conjectured from this also that the third injected
fuel is contributive in facilitating self-ignition of fuel after the second injection, as with
the unburned residue of the first injected fuel.

Since the third injection time is prior to the first injection time, the third injected fuel
has diffused more extensively in the combustion chamber than the unburned residue of
the first injected fuel at the time when the second injection is performed. Therefore,
although the third injected fuel is present in the combustion chamber at the time when
the second injection is performed, the third injected fuel is less likely to overlap with
the second injected fuel than the unburned residue of the first injected fuel. Therefore,
the third injected fuel is less likely to be a cause of smoke than the first injected fuel
and the second injected fuel.

In the case where the third injection is performed, at least one of the first injected fuel
quantity and the second injected fuel quantity can be made smaller than in the case
where a quantity of fuel required by the engine load of the internal combustion engine
is injected only by the first injection and the second injection. Therefore, performing
the third injection can reduce the amount of smoke derived from the first injected fuel
or the second injected fuel. Fig. 10 shows relationship between the thermal efficiency
of the internal combustion engine 1 and the third injected fuel quantity (graph (a) in
Fig. 10) and relationship between the amount of smoke generated and the third injected
fuel quantity (graph (b) in Fig. 10) in the high load combustion control, where the third
injected fuel quantity is varied with the total injection quantity by all the injections in
one combustion cycle being fixed. In the case shown in Fig. 10, increases in the third
injected fuel quantity are counterbalanced by decreases in the second injected fuel
quantity. In the case shown in Fig. 10, the first injected fuel quantity is fixed. From
graph (a) in Fig. 10, it is seen that if the third injected fuel quantity is increased in the
high load combustion control, the thermal efficiency of the internal combustion engine
1 is kept nearly constant. This also shows that the most part of the third injected fuel
contributes to combustion after the start of the second injection. From graph (b) in Fig.
10, it is seen that increasing the third injected fuel quantity in the high load combustion
control leads to decreases in the amount of smoke generated. This also shows that the
third injected fuel is unlikely to be a cause of smoke.

Therefore, in the internal combustion engine 1 according to this example, the high

load combustion control as described above is performed in the high load operation
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state in which the total fuel injection quantity is large, whereby diesel combustion can
be caused to occur with reduced smoke as compared to that with the basic combustion
control, also in the high load operation state.

<Combustion Control Flow>

In the following, a control flow of the combustion control according this example
will be described with reference to Figs. 11 to 13. Figs. 11 and 12 are flow charts of
the control flow of the combustion control according to this example. This control flow
is stored in the ECU 20 in advance and carried out repeatedly at regular intervals by
executing a control program stored in the ECU 20 while the internal combustion
engine 1 is operating.

Fig. 13 shows exemplary control maps used in the combustion control according to
this example. In the upper graph (a) in Fig. 13, line L21 represents relationship
between the engine load of the internal combustion engine 1 and the first injected fuel
quantity, line L22 represents relationship between the engine load and the second
injected fuel quantity, line L.23 represents relationship between the engine load and the
third injected fuel quantity, and line L.20 represents relationship between the engine
load and the load-adapted injection quantity, which is the fuel injection quantity
adapted to the engine load. Moreover, the upper graph (a) in Fig. 13 also shows the
amount of unburned residue M1 of the first injected fuel that has not been burned in
combustion caused by ignition by the ignition plug 5. In the upper graph (a) in Fig. 13,
S1 is a fuel injection quantity corresponding to the engine load on the border between
an operation range R3 (which will be hereinafter referred to as the low load range R3)
and another operation range R4 (which will be hereinafter referred to as the first
middle load range R4). This fuel injection quantity S1 will be hereinafter referred to as
the first predetermined quantity S1. Furthermore, S2 (> S1) is a fuel injection quantity
corresponding to the engine load on the border between the first middle range R4 and
another operation range RS (which will be hereinafter referred to as the second middle
load range RS). This fuel injection quantity S2 will be hereinafter referred to as the
second predetermined quantity S2. Furthermore, S3 (> S2) is a fuel injection quantity
corresponding to the engine load on the border between the second middle load range
R5 and another operation range R6 (which will be hereinafter referred to as the high
load range R6). This fuel injection quantity S3 will be hereinafter referred to as the
third predetermined quantity S3. In this example, when the engine load of the internal
combustion engine 1 falls in the low load range R3, the first middle load range R4, or
the second middle load range RS, the above-described basic combustion control is
performed. On the other hand, when the engine load falls in the high load range R6, the
above-described high load combustion control is performed. Thus, in this example, the

engine load on the border between the second middle load range RS and the high load
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range R6 is the “predetermined load” as defined in the present invention. Details of the
different load ranges will be described later.

In the lower graph (b) in Fig. 13, line L31 represents relationship between the engine
load of the internal combustion engine 1 and the first injection time Tp, line L30
represents relationship between the engine load and the ignition time Ts, line L32
represents relationship between the engine load and the second injection time Tm, and
line L33 represents relationship between the engine load and the third injection time
Tpp. The distance between line L.31 and line L.32 represents the first injection interval
Dil, the distance between line L.31 and line L.30 represents the ignition interval Ds, and
the distance between line .33 and line L31 represents the second injection interval
Di2. The vertical axis of graph (b) in Fig. 13 represents the crank angle from the top
dead center of the compression stroke, where larger values represent earlier times
during the compression stroke.

In the control flow according to this example, first in step S101, the engine load of
the internal combustion engine is calculated based on the measurement value of the ac-
celerator position sensor 22. Alternatively, the engine load of the internal combustion
engine 1 may be calculated based on the air flow rate in the intake passage 70, namely
the measurement value of the air flow meter 72 or the intake air pressure in the intake
passage 70. Then, in step S102, a load-adapted injection quantity SO is calculated
based on the engine load calculated in step S101. Specifically, the load-adapted
injection quantity SO adapted to the engine load is calculated using the control map
represented by line L20 in graph (a) in Fig. 13. In this example, the relationship
between the engine load and the load-adapted injection quantity SO is recorded in the
control map in which the load-adapted injection quantity SO increases as the engine
load increases, as represented by line L20.

Then, in step S103, the second injection time Tm is determined using the control map
represented by line L.32 in graph (b) in Fig. 13. As described above, in order to
improve the thermal efficiency of the internal combustion engine 1, the second
injection time Tm is set to the proper injection time before the top dead center of the
compression stroke. The proper injection time of the internal combustion engine 1 has
been measured by experiment conducted previously for every value of the engine load,
and the control map represented by line L32 has been prepared based on the result of
measurement. The second injection time Tm is gradually advanced as the engine load
increases up to a certain engine load. However, in the second middle load range R5
and the high load range R6 (namely in the range in which the load-adapted injection
quantity SO is equal to or larger than S2), the degree of advancement is kept at an
upper limit value. This is because the second injection time Tm is determined in ac-

cordance with the second injected fuel quantity Sm, which is fixed to a maximum
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second injected fuel quantity Smmax in the second middle load range R5 and the high
load range R6, as will be described later.

Then, in step S104, it is determined whether or not the load-adapted injection
quantity SO calculated in step S102 is equal to or smaller than the first predetermined
quantity S1, in other words, it is determined whether or not the engine load of the
internal combustion engine 1 is in the low load range R3. The low load range R3 is
defined as an operation range in which the load-adapted injection quantity is so small
that even if only the second injected fuel quantity Sm is increased in response to
increases in the engine load, the possibility of increase in the amount of smoke and the
possibility of unstable combustion due to the evaporation latent heat of the second
injected fuel are low. If the determination made in step S104 is affirmative, the
processing of step S105 is executed next. If the determination made in step S104 is
negative, the processing of step S110 is executed next.

If the determination made in step S104 is affirmative, namely if the load-adapted
injection quantity SO is equal to or smaller than the first predetermined quantity S1 (in
other words, if the engine load of the internal combustion engine 1 is in the low load
range R3), the first injected fuel quantity Sp is set to the minimum first injected fuel
quantity Spmin based on the control map represented by line L.21 in graph (a) in Fig.
13. The minimum first injected fuel quantity Spmin is the smallest value of the first
injected fuel quantity that can generate flame serving as an ignition source for starting
combustion of the second injected fuel, when the second injection is performed. If the
first injected fuel quantity Sp is large, combustion caused by ignition by the ignition
plug 5 (i.e. spray guide combustion) is facilitated, and therefore the unburned residue
rate of the first injected fuel may become small. Setting the first injected fuel quantity
Sp to the minimum first injected fuel quantity Spmin can make the unburned residue
rate as high as possible. Therefore, in the low load range R3, the first injected fuel
quantity Sp is set to the minimum first injected fuel quantity Spmin. Thus, it is possible
to attain high thermal efficiency while ensuring stable combustion. As described
above, in the low load range R3, only the second injected fuel quantity Sm is increased
in response to increases in the engine load, and the first injected fuel quantity Sp is
fixed to the minimum first injected fuel quantity Spmin, in the low load range R3, as
represented by line L21 in graph (a) in Fig. 13.

Then, in step S106, the first injection time Tp is determined using the control map
represented by line L31 in graph (b) in Fig. 13. In this processing step, the first
injection time Tp is determined in relation to the second injection time Tm set in step
S103 in such a way as to set an appropriate first injection interval Dil with which a
satisfactory thermal efficiency is attained when the first injected fuel quantity Sp is the

minimum first injected fuel quantity Spmin. As described above, in the low load range
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R3, the first injected fuel quantity Sp is fixed at the minimum first injected fuel
quantity Spmin. Consequently, the first injection interval Dil is also kept constant in
the low load range R3. Therefore, in the low load range R3, when the second injected
time Tm is changed in response to a change in the engine load, the first injection time
Tp is also changed in accordance with the change of the second injection time Tm.

[0074]  Then, in step S107, the ignition time Ts is determined using the control map rep-
resented by line L30 in graph (b) in Fig. 13. As shown in graph (b) in Fig. 13, the
ignition interval Ds, which is the interval between the first injection time Tp and the
ignition time Ts, is kept constant. Therefore, in the low load range R3, when the first
injection time Tp is changed in accordance with the change of the second injection
time Tm, the ignition time Ts is also changed in accordance with the change of the first
ignition time Tp.

[0075]  Then, in step S108, the second injected fuel quantity Sm is determined using the
control map represented by line L22 in graph (a) in Fig. 13. In the low load range R3,
the relationship represented by line L22 between the engine load (the load-adapted
injection quantity SO) and the second injected fuel quantity Sm is expressed by the
following equation 2:

[Math.2]

Sm = S0 - Sp x «a (equation 2),

where alpha is the unburned residue rate of the first injected fuel.

As described before, in the basic combustion control according to this example, the
unburned residue of the first injected fuel self-ignites and is burned by diffusion
combustion together with the second injected fuel to contribute to the engine power.
Therefore, in terms of contribution to the engine power, a portion of the first injected
fuel or the unburned residue of the first injected fuel can be regarded to be equivalent
to the second injected fuel. Therefore, an appropriate value of the first injected fuel
quantity Sm can be determined by determining a factor alpha representing the
unburned residue rate of the first injected fuel in advance by an experiment and cal-
culating the first injected fuel quantity Sm according to the above equation 2, which
takes into account this factor alpha. The unburned residue rate of the first injected fuel
changes depending on the ignition interval Ds and the first injection interval Dil.
Hence, the value of the factor alpha is determined based on them. In the low load range
R3, since the ignition interval Ds and the first injection interval Dil are both constant,
the factor alpha in the above equation 2 is also a constant value. Moreover, in the low
load range R3, the first injected fuel quantity Sp is fixed at the minimum first injected
fuel quantity Spmin for the above-described reason, and hence Sp = Spmin in the

above equation 2. In cases where the quantity of fuel burned by ignition by the ignition
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plug 5 (that is, the quantity of fuel burned by spray guide combustion) is very small
relative to the first injected fuel quantity, the factor alpha may be set to be equal to 1 in
the control process. In this case, the control is performed in such a way that the total
injection quantity is equal to the load-adapted injection quantity. After the completion
of the processing of step S108, the processing of step S130 is executed.

With the parameters relating to the first injection, the second injection, and the
ignition determined in the above-described manner, an amount of unburned residue of
the first injected fuel represented by M1 in graph (a) in Fig. 13 remains after the
ignition of the pre-spray of the first injected fuel, in the low load range R3. As
described above, in the low load range R3, the first injected fuel quantity Sp is fixed at
the minimum first injected fuel quantity Spmin, and the ignition integral Ds and the
first injection interval Dil are constant. Consequently, the quantity of the unburned
residue of the first injected fuel is substantially constant.

If the determination made in step S104 is negative, namely if the load-adapted
injection quantity SO is larger than the first predetermined quantity S1, it is determined
in step S110 whether or not the load-adapted injection quantity SO determined in step
S102 is equal to or smaller than the second predetermined quantity S2, in other words,
it is determined whether or not the engine load of the internal combustion engine 1 is
in the first middle load range R4. The first middle load range R4 is defined as an
operation range in which if only the second injected fuel quantity Sm is increased in
response to an increase in the engine load, the possibility of increase in the amount of
smoke and the possibility of unstable combustion due to the evaporation latent heat of
the second injected fuel are high. Therefore, in the first middle load range R4, not only
the second injected fuel quantity Sm but also the first injected fuel quantity Sp is
increased in response to increases in the engine load. The second predetermined
quantity S2 is set as a fuel injection quantity adapted to the engine load above which
the second injected fuel quantity Sm is set to its largest allowable value (a maximum
second injected fuel quantity Smmax) in view of the amount of smoke generated and
the combustion stability, namely, the engine load for which the quantity of fuel that
can be injected at the proper injection time reaches the largest allowable value. If the
determination made in step S110 is affirmative, the processing of step S112 is executed
next. If the determination made in step S110 is negative, the processing of step S120 is
executed.

If the determination made in step S110 is affirmative, in other words, if the load-
adapted injection quantity SO is larger than the first predetermined quantity S1 and
equal to or smaller than the second predetermined quantity S2 (namely, if the engine
load of the internal combustion engine 1 is in the first middle load range R4), the first

injected fuel quantity Sp is determined using the control map represented by line L21
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in graph (a) in Fig. 13, in step S111. In this processing step, the higher the engine load
of the internal combustion engine 1 is, the larger the first injected fuel quantity Sp is.
Consequently, the higher the engine load of the internal combustion engine 1 is, the
larger the quantity of the unburned residue of the first injected fuel is. Then, in step
S112, the first injection time Tp is determined using the control map represented by
line L31 in graph (b) in Fig. 13. When the first injected fuel quantity Sp is increased in
response to an increase in the engine load of the internal combustion engine 1, if the
first injection interval Dil, which is the interval between the first injection time Tp and
the second injection time Tm, is fixed, the larger the first injected fuel quantity Sp is,
the more likely the unburned residue of the first injected fuel and the second injected
fuel overlap when the second injection is performed, and the more the amount of
smoke increases. In view of this, the higher the engine load of the internal combustion
engine 1 is, the more the first injection time Tp is advanced in such a way as to
increase the first injection interval Dil. In other words, in the first middle load range
R4, the first injection time Tp is advanced to a degree larger than the degree of ad-
vancement of the second injection time Tm, and the higher the engine load is, the
larger the degree of advancement of the first injection time Tp is. Controlling the first
injection time Tp in this way can reduce the overlapping of the first injected fuel and
the second injected fuel even when the quantity of the unburned reside of the first
injected fuel increases due to an increase in the first injected fuel quantity Sp. In con-
sequence, the amount of smoke generated due to the overlapping of them can be
reduced. Moreover, although the quantity of the unburned residue of the first injected
fuel increases with increases in the engine load, the unburned residue is burned in
combustion occurring after the start of the second injection to contribute to the engine
power, as described above, and therefore the thermal efficiency of the internal
combustion engine 1 can be kept at high levels.

Then, in step S113, the ignition time Ts is determined using the control map rep-
resented by line L30 in graph (b) in Fig. 13. As shown in graph (b) Fig. 13, in the first
middle load range R4 also, the ignition interval Ds, which is the interval between the
first injection time Tp and the ignition time Ts, is kept constant. Therefore, when the
first injection time Tp is advanced to a degree larger than the degree of advancement of
the second injection time Tm, the ignition time Ts is also advanced to a degree same as
the first injection time Ts.

Then, in step S114, the second injected fuel quantity Sm is determined using the
control map represented by line L22 in graph (a) in Fig. 13. In the first middle load
range R4 also, as with in the low load range R3, the relationship represented by line
L22 between the engine load (the load-adjusted injection quantity SO) and the second

injected fuel quantity Sm is expressed by the aforementioned equation 2. Therefore,
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the second injected fuel quantity Sm can be determined taking into account charac-
teristics of the basic combustion control according to this example, as with in the
processing of step S108. As described before, in the first middle load range R4, the
first injected fuel quantity Sp is increased in response to increases in the engine load.
Therefore, the increase rate of the second injected fuel quantity Sm (which is the rate
of the increase in the second injected fuel quantity Sm to the increase in the engine
load) in the first middle load range R4 is smaller than the increase rate of the second
injected fuel quantity Sm in the low load range R3, in which the first injected fuel
quantity Sp is fixed. Therefore, it is possible to reduce the increase in the smoke due to
the increase in the second injected fuel quantity and the occurrence of misfire due to
the increase in the evaporation latent heat of the second injected fuel. After the
completion of the processing of step S114, the processing of step S130 is executed.

With the parameters relating to the first injection, the second injection, and the
ignition determined in the above-described manner, an amount of unburned residue of
the first injected fuel represented by M1 in graph (a) in Fig. 13 remains after the
ignition of the pre-spray of the first injected fuel, in the first middle load range R4. As
described above, in the first middle load range R4, the first injected fuel quantity Sp is
increased in response to increases in the engine load, and the first injection time Tp and
the ignition time Ts are advanced with the ignition interval Ds being kept constant. In
consequence, the quantity of the unburned residue of the first injected fuel increases
with increases in the engine load, as described above.

If the determination made in step S110 is negative, namely, if the load-adapted
injection quantity SO is larger than the second predetermined quantity S2, It is de-
termined in step S120 whether or not the load-adapted injection quantity SO is equal to
or smaller than the third predetermined quantity S3, in other words, whether or not the
engine load of the internal combustion engine 1 is in the second middle load range RS.
As described above, the second predetermined quantity S2 is set as a fuel injection
quantity adapted to the engine load at which the second injected fuel quantity Sm
reaches its largest allowable value in view of the amount of smoke generated and the
combustion stability. Therefore, the second middle load range RS is set as an operation
range in which only the first injected fuel quantity Sp is increased in response to
increases in the engine load. The third predetermined quantity S3 is set as a fuel
injection quantity adapted to the engine load at which not only the second injected fuel
quantity Sm but also the first injected fuel quantity Sp reaches its largest allowable
value in view of the amount of smoke generated when a quantity of fuel adequate for
the load-adapted injection quantity SO is injected only by the first injection and second
injection without performing the third injection. In other words, the third prede-

termined quantity S3 is equal to the sum of the upper limit injected fuel quantity set for
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the first injection and the upper limit injected fuel quantity for the second injection
with which the amount of smoke derived from the first/second injected fuel reaches the
upper limit of an allowable range. If the determination made in step S120 is af-
firmative, the processing of step S121 is executed next. If the determination made in
step S120 is negative, the processing of step S141 is executed next.

If the determination made in step S120 is affirmative, namely, if the load-adapted
injection quantity SO is larger than the second predetermined quantity S2 and equal to
or smaller than the third predetermined quantity S3 (in other words, if the engine load
of the internal combustion engine 1 is in the second middle load range RS5), the second
injected fuel quantity Sm is set to the maximum second injected fuel quantity Smmax
according to the control map represented by line L22 in graph (a) in Fig. 13. The
maximum second injected fuel quantity Smmax is the largest second injected fuel
quantity with which the amount of smoke generated can be kept within an allowable
range and stable combustion is ensured (namely, misfire due to the evaporation latent
heat of the second injected fuel can be prevented from occurring). As shown by line
L22 in graph (a) in Fig. 13, in the second middle load range RS, the second injected
fuel quantity Sm is fixed at the maximum second injected fuel quantity Smmax.

Then, in step S122, the first injected fuel quantity Sp is determined using the control
map represented by line L21 in graph (a) in Fig. 13. In the second middle load range
R5, the relationship represented by line L21 between the engine load (the load-adapted
injection quantity SO) and the first injected fuel quantity Sp is expressed by the
following equation 3:

[Math.3]

Sp = (S0 - Sm) /«x (equation 3),

where alpha is the unburned residue rate of the first injected fuel, as with in equation
2. According to the above equation 3, the first injected fuel quantity Sp can be de-
termined taking into account characteristics of the basic combustion control according
to this example. This is essentially the same as the processing of step S108 and the
processing of step S114. In the second middle load range RS, the second injected fuel
quantity Sm is fixed at the maximum second injected fuel quantity Smmax for the
above-described reason, and hence Sm = Smmax in the above equation 3. Moreover, in
the second middle load range RS, since the second injected fuel quantity Sm is fixed at
the maximum second injected fuel quantity Smmax, the increase rate of the first
injected fuel quantity Sp (i.e. the rate of the increase in the first injected fuel quantity
Sp to the increase in the engine load) is higher than the increase rate of the first
injected fuel quantity Sp in the first middle load range R4, in which the second injected

fuel quantity Sm is also increased in response to increases in the engine load.
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Then, in step S123, the first injection time Tp is determined using the control map
represented by line L31 in graph (b) in Fig. 13. In the second middle load range RS,
since the second injected fuel quantity Sm is fixed at the maximum second injected
fuel quantity Smmax, the second injection time Tm determined in step S103 is also
fixed. On the other hand, as described above, the increase rate of the first injected fuel
quantity Sp in the second middle load range RS is larger than the increase rate of the
first injected fuel quantity Sp in the first middle load range R4. Therefore, in the
second middle load range RS, it is necessary to make the first injection interval Dil
longer than the first injection interval Dil in the first middle load range R4 in order to
reduce overlapping of the unburned residue of the first injected fuel and the second
injected fuel when the second injection is performed, and it is also necessary to make
the increase rate of the first injection interval Dil (which is the rate of the increase in
the first injection interval Dil to the increase in the engine load) higher than the
increase rate of the first injection interval Dil in the first middle load range R4.
Therefore, in step S123, the first injection time Tp is advanced in such a way that the
higher the engine load of the internal combustion engine 1 is, the longer the first
injection interval Dil is made. Then, the advancement rate of the first injection time Tp
(which is the rate of the degree of advancement of the first injection time Tp to the
increase in the engine load) is higher than the advancement rate of the first injection
time Tp in the first middle load range R4. In this way, only the first injected fuel
quantity Sp is increased in response to increases in the engine load by controlling the
first injection time Tp, thereby reducing the overlapping of the unburned residue of the
first injected fuel and the second injected fuel, even though the unburned residue of the
first injected fuel increases. Consequently, the amount of smoke generated due to the
overlapping of them can be reduced. Moreover, even though the unburned residue of
the first injected fuel increases in accordance with the increase in the engine load, the
thermal efficiency of the internal combustion engine 1 can be kept at high levels
because the unburned residue is burned in the combustion after the start of the second
injection to contribute to the engine power.

Then, in step S124, the ignition time Ts is determined using the control map rep-
resented by line L30 in graph (b) in Fig. 13. In the second middle load range RS also,
the ignition interval Ds, which is the interval between the first injection time Tp and
the ignition time Ts, is kept constant, as shown in graph (b) in Fig. 13. Therefore, when
the first injection time Tp is advanced in response to an increase in the engine load, the
ignition time Ts is also advanced to a degree substantially the same as the first
injection time Ts, as with in the first middle load range R4.

With the parameters relating to the first injection, the second injection, and the

ignition determined in the above-described manner, an amount of unburned residue of
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the first injected fuel represented by M1 in graph (a) in Fig. 13 remains after the
ignition of the pre-spray of the first injected fuel, in the second middle load range RS.
As described above, in the second middle load range RS, as the engine load increases,
the first injected fuel quantity Sp is increased, and the first injection time Tp and the
ignition time Ts are advanced with the ignition interval Ds being kept constant. In con-
sequence, as described above, as the engine load increases, the unburned residue of the
first injected fuel increases. Moreover, in the second middle load range RS, the
increase rate of the first injected fuel quantity Sp and the advancement rate of the first
injection time Tp (or the increase rate of the first injection interval Dil) are higher than
those in the first middle load range R4. Consequently, the increase rate of the unburned
residue of the first injected fuel relative to the increase in the engine load is higher than
that in the first middle load range R4. Therefore, it is possible to attain the engine
power required by the increase in the engine load only by increasing the first injected
fuel quantity Sp.

After the completion of the processing of one of steps S108, S114, and S124, the
processing of step S130 is executed. In step S130, the first injection and the second
injection by the fuel injection valve 6 and the ignition by the ignition plug 5 are
performed according to the first injected fuel quantity Sp, the first injection time Ts,
the second injected fuel quantity Sm, the second injection time Tm, and the ignition
time Ts determined in the above-described process. Thus, the basic combustion control
according to this example is carried out. After the completion of the processing of step
S130, the processing of step S101 is executed again.

If the determination in step S120 is negative, namely if the load-adapted injection
quantity SO is larger than the third predetermined quantity S3, the engine load of the
internal combustion engine 1 is in the high load range R6. As described above, the
third predetermined quantity S3 is set as a fuel injection quantity adapted to the engine
load at which not only the second injected fuel quantity Sm but also the first injected
fuel quantity Sp reaches its upper limit value in view of the amount of smoke
generated when a quantity of fuel adequate for the load-adapted injection quantity SO
is injected only by the first injection and second injection without performing the third
injection. In other words, in the second middle load range RS, as the first injected fuel
quantity Sp is increased and the first injection time Tp is advanced in response to
increases in the engine load, the first injection interval Dil or the interval between the
first injection time Tp and the second injection time Tm reaches the aforementioned
upper bound (Dilb in Fig. 7) at the time when the load-adapted injection quantity SO
reaches the third predetermined quantity S3. Therefore, the high load range R6 is set as
an operation range in which the third injection is performed in addition to the first

injection and the second injection, and the third injected fuel quantity Spp is increased
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in response to increases in the engine load.

If the determination made in step S120 is negative, in step S141, the second injected
fuel quantity Sm is set to the maximum second injected fuel quantity Smmax
according to the control map represented by line L22 in graph (a) in Fig. 13, in the
same manner as in the case where the engine load is in the second middle load range
R5. Thus, in the high load range R6, the second injected fuel quantity Sm is fixed at
the maximum second injected fuel quantity Smmax as shown by line L.22 in graph (a)
in Fig. 13, as with in the second middle load range RS.

Then, in step S142, the first injected fuel quantity Sp is set to the minimum first
injected fuel quantity Spmin according to the control map represented by line L21 in
graph (a) in Fig. 13. As shown by line L.21 in graph (a) in Fig. 13, in the high load
range R6, the first injected fuel quantity Sp is fixed to the minimum first injected fuel
quantity Spmin, as with in the low load range R3. This can reduce the overlapping of
the unburned residue of the first injected fuel and the second injected fuel as much as
possible. Consequently, the amount of smoke generated due to the overlapping of them
can be reduced as much as possible.

Then, in step S143, the third injected fuel quantity Spp is determined using the
control map represented by line L23 in graph (a) in Fig. 13. In the high load range R6,
the relationship represented by line L.23 between the engine load (or the load-adapted
injection quantity SO) and the third injected fuel quantity Spp is expressed by the
following equation 4:

[Math.4]

Spp = S0 - Sp x o - Sm (Equation 4),

where alpha is the unburned residue rate of the first injected fuel, as with in equation
2. As described above, in the high load combustion control according to this example,
the most part of the third injected fuel self-ignites and is burned by diffusion
combustion together with the second injected fuel to contribute to the engine load.
Therefore, in terms of contribution to the engine power, the third injected fuel can be
regarded to be equivalent to the second injected fuel. Therefore, a value of the third
injected fuel quantity Spp adequate for attaining the fuel injection quantity adapted to
the engine load can be determined by calculation according to the above equation 4. In
the high load range R6, the second injected fuel quantity Sm is fixed to the maximum
second injected fuel quantity Smmax, and hence Sm = Smmax in the above equation 4.
Furthermore, in the high load range R6, the first injected fuel quantity Sp is fixed at the
minimum first injected fuel quantity Spmin, and hence Sp = Spmin in the above
equation 4. As will be described later, in the high load range R6, the first injection time

Tp, the second injection time Tm, and the ignition time Ts are all constant, and the
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ignition interval Ds and the first injection interval Dil are both constant accordingly. In
consequence, the factor alpha in the above equation 4 is a constant value. Therefore, in
the high load range R6, as the engine load increases, the third injected fuel quantity
Spp is increased in accordance with the increase in the engine load.

In cases where it is necessary to inject a relatively large quantity of fuel by the third
injection or where it is difficult to provide a sufficiently long second injection interval,
the proportion of the third injected fuel that is burned by flame generated by ignition
after the first injection may become large. If this proportion becomes significantly
large, it is necessary in determining the third injected fuel quantity Spp to take into
account the quantity of fuel burned by flame generated by ignition after the first
injection. In such cases, the third injected fuel quantity Spp may be calculated
according to the following equation 4’:

[Math.5]

Spp = (SO0 - Sp x « - Sm)/B (Equation 4'),

where beta is the proportion of the fuel subject to self-ignition or diffusion
combustion after the start of the second injection in the third injected fuel.

The factor beta in the above equation 4’ can be determined in advance based on, for
example, an experiment. An appropriate value of the third injected fuel quantity Spp
can be determined by calculation according to the above equation 4’, which takes into
account the above-mentioned factor beta.

Then, in step S144, the first injection time Tp is determined using the control map
represented by line L31 in graph (b) in Fig. 13. In the high load range R6, since the
second injected fuel quantity Sm is fixed at the maximum second injected fuel quantity
Smmax, the second injection time determined in step S103 is also kept constant.
Moreover, in the high load range R6, the first injected fuel quantity Sp is also fixed at
the minimum first injected fuel quantity Spmin. Consequently, in the high load range
R6, the first injection time Tp, which is determined in relation to the second injection
time Tm in such a way as to set an appropriate first injection interval Dil with which a
satisfactory thermal efficiency is attained when the first injected fuel quantity Sp is the
minimum first injected fuel quantity Spmin, is also constant.

Then, in step S145, the ignition time Ts is determined using the control map rep-
resented by line L30 in graph (b) in Fig. 13. As shown in graph (b) in Fig. 13, the
ignition interval Ds, which is the interval between the first injection time Tp and the
ignition time Ts, is kept constant. Consequently, in the high load range R6, the ignition
time Ts is also fixed.

Then, in step S146, the third injection time Tpp is determined using the control map

represented by line L33 in graph (b) in Fig. 13. As described above, in the high load
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combustion control according to this example, it is necessary to provide an appropriate
second injection interval Di2 as the interval between the first injection time Tp and the
third injection time Tpp so that the third injected fuel is burned by self-ignition or
diffusion combustion after the start of the second injection. Therefore, the third
injection time Tpp is determined relative to the first injection time Tp in such a way
that the second injection interval Di2 as such is provided. In the high load range R6, as
described above, the third injected fuel quantity Spp is increased in response to
increases in the engine load. Therefore, in the high load range R6, as shown in graph
(b) in Fig. 13, as the engine load increases up to a certain engine load, the third
injection time Tpp is advanced in such a way as to increase the second injection
interval Di2. The larger the second injection interval Di2 is, the more extensively the
third injected fuel is diffused in the combustion chamber by the time at which the first
injection is performed. The more the third injection time Tpp is advanced, the lower
the pressure in the combustion chamber at the third injection time Tpp is, and hence
the higher the penetration of the spray of the third injected fuel is. For this reason also,
the more the third injection time Tpp is advanced, the more extensively the third
injection fuel is diffused in the combustion chamber. As the third injected fuel is
diffused more extensively in the combustion chamber, the third injected fuel is apt to
be burned by self-ignition or diffusion combustion after the start of the second
injection rather than burned by flame generated by ignition of the pre-spray of the first
injected fuel. However, if the third injection time is too early in the compression
stroke, the third injected fuel is likely to adhere to the surface of the cylinder bore.
Therefore, in order to keep the amount of adhesion of the third injected fuel to the bore
surface within an allowable range, an upper limit (maximum advancement) is set for
the third injection time Tpp. In the course of advancing the third injection time Tpp in
response to increases in the engine load, if the third injection time Tpp reaches the
upper limit, the third injection time Tpp is kept at the upper limit, even when the third
injected fuel quantity Spp is increased in response to further increases in the engine
load.

In the high load range R6, with the parameters relating to the first injection, the
second injection, and the ignition determined in the above-described manner, an
amount of unburned residue of the first injected fuel represented by M1 in graph (a) in
Fig. 13 remains after the ignition of the pre-spray of the first injected fuel. In the high
load range R6, the first injected fuel quantity Sp, the first injection interval Dil, and
the ignition interval Ds are the same as those in the low load range R3. Consequently,
the quantity of the unburned residue of the first injected fuel is substantially constant,
as with in the low load range R3.

After the completion of the processing of step S146, the processing of step S147 is
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executed. In step S147, the first injection, the second injection, and the third injection
by the fuel injection valve 6 and the ignition by the ignition plug 5 are performed
according to the first injected fuel quantity Sp, the first injection time Ts, the second
injected fuel quantity Sm, the second injection time Tm, the third injected fuel quantity
Spp. the third injection time Tpp, and the ignition time Ts determined in the above-
described process. Thus, the high load combustion control according to this example is
carried out. After the completion of the processing of step S147, the processing of step
S101 is executed again.

According to this example, as described above, stable diesel combustion can be
caused to occur with reduced smoke and the thermal efficiency can be improved, by
appropriately setting parameters relating to combustion control including the first
injected fuel quantity Sp, the first injection time Tp, the second injected fuel quantity
Sm, the second injection time Tm, the third injected fuel quantity Spp, the third
injection time Tpp, and the ignition time Ts in relation to the engine load of the
internal combustion engine 1. Moreover, in the high load range, a quantity of fuel
equal to the load-adapted injection quantity SO can be injected by performing the third
injection while keeping the first injected fuel quantity Sp and the second injected fuel
quantity Sm at their upper limit values. In other words, by performing the third
injection in addition to the first injection and the second injection, the operation range
in which diesel combustion can be caused to occur while keeping the amount of smoke
in an allowable range can be more extended than in the case where only the first
injection and the second injection are performed.

<Modification>

Fig. 14 shows another set of exemplary control maps used in the combustion control
according to this example. In the upper graph (a) in Fig. 14, as with in graph (a) in Fig.
13, line L21 represents relationship between the engine load of the internal combustion
engine 1 and the first injected fuel quantity, line L.22 represents relationship between
the engine load and the second injected fuel quantity, line .23 represents relationship
between the engine load and the third injected fuel quantity, and line L20 represents re-
lationship between the engine load and the load-adapted injection quantity, which is
the fuel injection quantity adapted to the engine load. Moreover, the upper graph (a) in
Fig. 14 also shows the amount of unburned residue M1 of the first injected fuel that
has not been burned in combustion caused by ignition by the ignition plug 5. In the
lower graph (b) in Fig. 14, as with in graph (b) in Fig. 13, line L31 represents rela-
tionship between the engine load of the internal combustion engine 1 and the first
injection time Tp, line L30 represents relationship between the engine load and the
ignition time Ts, line L32 represents relationship between the engine load and the

second injection time Tm, and line L33 represents relationship between the engine load
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and the third injection time Tpp. The distance between line L31 and line L.32
represents the first injection interval Dil, the distance between line L31 and line L30
represents the ignition interval Ds, and the distance between line L33 and line L31
represents the second injection interval Di2.

In the control maps according to this modification, the relationships between the
engine load of the internal combustion engine 1 and the control parameters are the
same as those in the control maps shown in Fig. 13 in the low load range R3, the first
middle load range R4, and the second middle load range RS. In the control maps
according to this modification also, as with in the control maps shown in Fig. 13, the
second injected fuel quantity Sm is fixed at the maximum second injected fuel quantity
Smmax and the second injection time Tm is fixed at a time adapted to the maximum
second injected fuel quantity Smmax (i.e. the most advanced time of the second
injection time Tm) in the high load range R6. The control maps according to this modi-
fication differ from the control maps shown in Fig. 13 in that the first injected fuel
quantity Sp is fixed at the maximum first injected fuel quantity Spmax in the high load
range R6 as shown by line L21 in graph (a) in Fig. 14. Furthermore, in the control
maps according to this modification, as shown by line L.31 in graph (b) in Fig. 14, the
first injection time Tp is fixed at a time adapted to the maximum first injected fuel
quantity Spmax (i.e. the most advanced time of the first injection time Tp) in the hgh
load range R6. With the first injected fuel quantity Sp and the first injection time Tp
determined as above, in the high load range R6, an amount of unburned residue of the
first injected fuel represented by M1 in graph (a) in Fig. 14 remains after the ignition
of the pre-spray of the first injected fuel. Thus, the amount of the unburned residue of
the first injected fuel in the high load range R6 is substantially constant at the
maximum amount.

In the control maps according to this modification also, as with in the control maps
shown in Fig. 13, the third injection is also performed in addition to the first injection
and the second injection in the high load range R6. In other words, the high load
combustion control is performed in the high load range R6. As shown by line L23 in
graph (a) in Fig. 14, the third injected fuel quantity Spp is increased as the engine load
of the internal combustion engine 1 increases. As shown by line .33 in graph (b) in
Fig. 14, the third injection time Tpp is advanced in such a way as to increase the
second injection interval Di2 as the engine load of the internal combustion engine 1
increases. However, in the control maps according to this modification, the amount of
the unburned residue of the first injected fuel in the high load range R6 is constant at
the maximum amount. Therefore, the third injected fuel quantity Spp for the same
engine load in the high load range R6 is smaller than that in the control maps shown in

Fig. 13, in which the first injected fuel quantity Sp is fixed at the minimum first
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injected fuel quantity Spmin in the high load range R6 and the amount of the unburned
residue of the first injected fuel is constant at the minimum amount. Consequently, in
the high load range R6, the sum of the amount of the unburned residue of the first
injected fuel and the third injected fuel quantity that are burned by self-ignition or
diffusion combustion after the second injection is approximately equal to that in the

case of the control maps shown in Fig. 13.
In the case where the first injected fuel quantity Sp, the first injection time Tp, the

second injected fuel quantity Sm, the second injection time Tm, the third injected fuel
quantity Spp, the third injection time Tpp, and the ignition time Ts in the high load
range R6 are determined using the control maps according to this modification also,
stable diesel combustion can be caused to occur with reduced smoke generation. Fur-
thermore, with the control maps according to this modification, the changes of the first
injected fuel quantity Sp and the first injection time Tp upon shift of the engine load of
the internal combustion engine 1 from the second middle load range RS to the high
load range R6 or vice versa can be made relatively small. Therefore, it is considered
that the robustness in controlling the first injected fuel quantity Sp and the first
injection time Tp can be improved.

Example 2

The general configuration of the internal combustion engine and its air-intake and
exhaust systems according to example 2 is the same as that in example 1. In the
following, a control flow of combustion control according to example 2 will be
described with reference to Figs. 15 to 17. Figs. 15 and 16 are flow charts of the
control flow of the combustion control according to this example. This control flow is
stored in the ECU 20 in advance and carried out repeatedly at regular intervals by
executing a control program stored in the ECU 20 while the internal combustion
engine 1 is operating. Steps S101 to S108, S110 to S114, and S130 in this control flow
are the same as those in the above-described flow shown in Fig. 11, and the steps in
which the same processing is executed are denoted by the same reference numerals and
will not be described further.

Fig. 17 shows exemplary control maps used in the combustion control according to
this example. In the upper graph (a) in Fig. 17, as with in graph (a) in Fig. 13, line L.21
represents relationship between the engine load of the internal combustion engine 1
and the first injected fuel quantity, line L.22 represents relationship between the engine
load and the second injected fuel quantity, line L23 represents relationship between the
engine load and the third injected fuel quantity, and line L20 represents relationship
between the engine load and the load-adapted injection quantity, which is the fuel

injection quantity adapted to the engine load. Moreover, the upper graph (a) in Fig. 17
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also shows the amount of unburned residue M1 of the first injected fuel that has not
been burned in combustion caused by ignition by the ignition plug 5. In the lower
graph (b) in Fig. 17, as with in graph (b) in Fig. 13, line L.31 represents relationship
between the engine load of the internal combustion engine 1 and the first injection time
Tp, line L30 represents relationship between the engine load and the ignition time Ts,
line L32 represents relationship between the engine load and the second injection time
Tm, and line L33 represents relationship between the engine load and the third
injection time Tpp. The distance between line L31 and line L32 represents the first
injection interval Dil, the distance between line L31 and line L30 represents the
ignition interval Ds, and the distance between line L33 and line L31 represents the
second injection interval Di2.

As shown in Fig. 17, in this example, when the engine load of the internal
combustion engine 1 is in the low load range R3 or the first middle load range R4, the
above-described basic combustion control is performed. When the engine load of the
internal combustion engine 1 is in the second middle load range RS or the high load
range R6, the above-described high load combustion control is performed. Thus, the
combustion control according to this example differs from the combustion control
according to example 1 in that the third injection is performed in addition to the first
injection and the second injection not only in the high load range R6 but also in the
second middle load range RS. In this example, the engine load on the border of the first
middle load range R4 and the second middle load range RS is the “predetermined load”
as defined in the present invention.

In the control flow according to this example, if the determination in step S110 is
negative, namely if the load-adapted injection quantity SO is larger than the second pre-
determined quantity S2, the processing of steps S151 to S157 is executed. In step
S151, the second injected fuel quantity Sm is set to the maximum second injected fuel
quantity Smmax according to the control map represented by line L22 in graph (a) in
Fig. 17. In other words, in the second middle load range R5 and the high load range
R6, the second injected fuel quantity Sm is set to the maximum second injected fuel
quantity Smmax.

Then, in step S152, the first injected fuel quantity Sp is determined using the control
map represented by line L21 in graph (a) in Fig. 17. The first injected fuel quantity Sp
is determined to be a predetermined first injected fuel quantity Spx smaller than the
largest value of the first injected fuel quantity Sp in the first middle load range R4.
Moreover, in the second middle load range RS and the high load range R6, the first
injected fuel quantity Sp is fixed at the predetermined first injected fuel quantity Spx,
as shown by line L21 in graph (a) in Fig. 17. The largest value of the first injected fuel

quantity Sp in the first middle load range R4 does not reach the maximum first injected
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fuel quantity Spmax. Nevertheless, even in such a situation also, in the second middle
load range RS and the high load range R6, the first injected fuel quantity Sp is fixed at
the predetermined first injected fuel quantity Spx smaller than the largest value of the
first injected fuel quantity Sp in the first middle load range R4. This can make the
amount of unburned residue of the first injected fuel smaller than in the case where the
first injected fuel quantity Sp is increased up to the maximum first injected fuel
quantity Spmax in response to increases in the engine load. In consequence, the
overlapping of the unburned residue of the first injected fuel and the second injected
fuel can be reduced more effectively. Therefore, the amount of smoke generated due to
the overlapping of them can be reduced further.

In the second middle load range RS and the high load range R6, the first injected fuel
quantity Sp may be fixed at the minimum first injected fuel quantity Spmin. This can
reduce the overlapping of the unburned residue of the first injected fuel and the second
injected fuel as much as possible. Therefore, the amount of smoke generated due to the
overlapping of them can be reduced as much as possible.

Then, in step S153, the third injected fuel quantity Spp is determined using the
control map represented by line L23 in graph (a) in Fig. 17. In the second middle load
range RS and the high load range R6, the relationship represented by line L.23 between
the engine load (the load-adapted injection quantity SO) and the third injected fuel
quantity Spp is expressed by equation 4 presented above, as with in the high load range
R6 in example 1. Therefore, the third injected fuel quantity Spp can be determined
taking into account characteristics of the high load combustion control according to
this example. In the second middle load range RS and the high load range R6, the
second injected fuel quantity Sm is fixed at the maximum second injected fuel quantity
Smmax as described above, hence Sm = Smmax in the above equation 4. Furthermore,
in the second middle load range RS and the high load range R6, the first injected fuel
quantity Sp is fixed at the predetermined first injected fuel quantity Spx, hence Sp =
Spx in the above equation 4. As will be described later, in the second middle load
range RS and the high load range R6, the first injection time Tp, the second injection
time Tm, and the ignition time Ts are all constant, and the ignition interval Ds and the
first injection interval Dil are both constant. In consequence, the factor alpha in the
above equation 4 is a constant value. Therefore, in the second middle load range R5
and the high load range R6, as the engine load increases, the third injected fuel
quantity Spp is increased in accordance with the increase in the engine load.

Then, in step S154, the first injection time Tp is determined using the control map
represented by line L31 in graph (b) in Fig. 17. In the second middle load range RS and
the high load range R6, since the second injected fuel quantity Sm is fixed at the

maximum second injected fuel quantity Smmax, the second injection time Tm de-
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termined in step S103 is also fixed. Moreover, in the second middle load range RS and
the high load range R6, the first injected fuel quantity Sp is also fixed at the prede-
termined first injected fuel quantity Spx. In consequence, in the second middle load
range RS and the high load range R6, the first injection time Tp, which is determined
in relation to the second injection time Tm in such a way as to set an appropriate first
injection interval Dil with which a satisfactory thermal efficiency is attained when the
first injected fuel quantity Sp is the predetermined first injected fuel quantity Spx, is
also constant.

Then, in step S155, the ignition time Ts is determined using the control map rep-
resented by line L30 in graph (b) in Fig. 17. As shown in graph (b) in Fig. 17, the
ignition interval Ds, which is the interval between the first injection time Tp and the
ignition time Ts, is kept constant. Consequently, in the second middle load range R5
and the high load range R6, the ignition time Ts is also fixed.

Then, in step S156, the third injection time Tpp is determined using the control map
represented by line L33 in graph (b) in Fig. 17. As with in the high load range R6 in
example 1, the third injection time Tpp is determined in such a way as to provide an
appropriate second injection interval Di that allows the third injected fuel to be burned
by self-ignition or diffusion combustion after the start of the second injection. In the
second middle load range R5 and the high load range R6, as with in the high load
range R6 in example 1, the third injected fuel quantity Spp is increased as the engine
load increases. Therefore, in the second middle load range R5 and the high load range
R6, as shown in graph (b) in Fig. 17, the third injection time Tpp is advanced in such a
way as to increase the second injection interval Di2 with increases in the engine load
up to a certain engine load (namely, until the third injection time Tpp reaches an upper
limit or the maximum advancement).

In the second middle load range RS and the high load range R6, with the parameters
relating to the first injection, the second injection, and the ignition determined in the
above-described manner, an amount of unburned residue of the first injected fuel rep-
resented by M1 in graph (a) in Fig. 17 remains after the ignition of the pre-spray of the
first injected fuel. In the second middle load range R5 and the high load range R6, the
first injected fuel quantity Sp, the first injection interval Dil, and the ignition interval
Ds are constant. Consequently, the quantity of the unburned residue of the first injected
fuel is substantially constant, in the second middle load range RS and the high load
range R6.

After the completion of the processing of step S156, the processing of step S157 is
executed. In step S157, the first injection, the second injection, and the third injection
by the fuel injection valve 6 and the ignition by the ignition plug 5 are performed

according to the first injected fuel quantity Sp, the first injection time Ts, the second
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injected fuel quantity Sm, the second injection time Tm, the third injected fuel quantity
Spp. the third injection time Tpp, and the ignition time Ts determined in the above-
described process. Thus, the high load combustion control according to this example is
carried out. After the completion of the processing of step S157, the processing of step
S101 is executed again.

In the control according to this example, by performing the third injection not only in
the high load range R6 but also in the second middle load range RS, the first injected
fuel quantity Sp can be made relatively small, when the engine load of the internal
combustion engine 1 is in the second middle load range RS5. Therefore, the amount of
smoke generated due to overlapping of the unburned residue of the first injected fuel
and the second injected fuel in the second middle load range can be further reduced.

In this example, in the second middle load range RS and the high load range R6, the
first injected fuel quantity Sp may be fixed at the largest value of the first injected fuel
quantity Sp in the first middle load range R4. In this case, the first injection time Tp is
also fixed at the maximum advancement of the first injection time Tp in the first
middle load range R4. Thus, the changes of the first injected fuel quantity Sp and the
first injection time Tp upon shift of the engine load of the internal combustion engine 1
from the first middle load range R4 to the second middle load range RS or vice versa
can be made small. Therefore, it is considered that the robustness in controlling the
first injected fuel quantity Sp and the first injection time Tp can be improved.

<Modification>

Fig. 18 shows another set of exemplary control maps used in the combustion control
according to this example. In the upper graph (a) in Fig. 18, as with in graph (a) in Fig.
13, line L21 represents relationship between the engine load of the internal combustion
engine 1 and the first injected fuel quantity, line L.22 represents relationship between
the engine load and the second injected fuel quantity, line .23 represents relationship
between the engine load and the third injected fuel quantity, and line L20 represents re-
lationship between the engine load and the load-adapted injection quantity, which is
the fuel injection quantity adapted to the engine load. Moreover, the upper graph (a) in
Fig. 18 also shows the amount of unburned residue M1 of the first injected fuel that
has not been burned in combustion caused by ignition by the ignition plug 5. In the
lower graph (b) in Fig. 18, as with in graph (b) in Fig. 13, line L31 represents rela-
tionship between the engine load of the internal combustion engine 1 and the first
injection time Tp, line L30 represents relationship between the engine load and the
ignition time Ts, line L32 represents relationship between the engine load and the
second injection time Tm, and line L33 represents relationship between the engine load
and the third injection time Tpp. The distance between line L31 and line L.32

represents the first injection interval Dil, the distance between line L31 and line L30
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represents the ignition interval Ds, and the distance between line L33 and line L31
represents the second injection interval Di2.

In the control maps according to this modification, the relationships between the
engine load of the internal combustion engine 1 and the control parameters are the
same as those in the control maps shown in Fig. 17 in the low load range R3 and the
first middle load range R4. In the control maps according to this modification also, as
with in the control maps shown in Fig. 17, the second injected fuel quantity Sm is fixed
at the maximum second injected fuel quantity Smmax and the second injection time
Tm is fixed at a time adapted to the maximum second injected fuel quantity Smmax
(i.e. the most advanced time of the second injection time Tm) in the second middle
range RS and the high load range R6. The control maps according to this modification
differ from the control maps shown in Fig. 17 in that the first injected fuel quantity Sp
is increased in response to increases in the engine load also in the second middle load
range RS and the high load range R6 as shown by line L21 in graph (a) in Fig. 18. Fur-
thermore, in the control maps according to this modification, as shown by line L31 in
graph (b) in Fig. 18, the first injection time Tp is advanced in response to increases in
the engine load in the second middle load range RS and the high load range R6. With
the first injected fuel quantity Sp and the first injection time Tp determined as above,
in the second middle load range RS and the high load range R6, an amount of
unburned residue of the first injected fuel represented by M1 in graph (a) in Fig. 18
remains after the ignition of the pre-spray of the first injected fuel. Thus, in the second
middle load range R5 and the high load range R6, as the engine load increases, the
amount of the unburned residue of the first injected fuel increases.

In the control maps according to this modification also, the third injection is
performed in addition to the first injection and the second injection, not only in the
high load range R6 but also in the second middle load range RS. As shown by line L23
in graph (a) in Fig. 18, the third injected fuel quantity Spp is increased as the engine
load of the internal combustion engine 1 increases. Moreover, as shown by line L33 in
graph (b) in Fig. 18, the third injection time Tpp is advanced in such a way as to
increase the second injection interval Di2 as the engine load of the internal combustion
engine 1 increases. However, in the control maps according to this modification, the
amount of the unburned residue of the first injected fuel in the second middle load
range R5 and the high load range R6 increases as the engine load increases. Therefore,
the third injected fuel quantity Spp for the same engine load in the second middle load
range RS and the high load range R6 is smaller than that in the control maps shown in
Fig. 17, in which the first injected fuel quantity Sp is fixed at the predetermined first
injected fuel quantity Spx in the second middle load range RS and the high load range

R6 and the amount of the unburned residue of the first injected fuel is constant. Con-
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sequently, in the high load range R6, the sum of the amount of the unburned residue of
the first injected fuel and the third injected fuel quantity that are burned by self-ignition
or diffusion combustion after the second injection is approximately equal to that in the
case of the control maps shown in Fig. 13.

[0121]  Even in the case where the first injected fuel quantity Sp is increased in response to
increases in the engine load in the second middle load range RS and the high load
range R6 as with the control maps of this modification, the first injected fuel quantity
Sp is kept equal to or smaller than the maximum first injected fuel quantity Spmax by
adjusting the third injected fuel quantity Spp to an appropriate value. Therefore, it is
possible to keep the amount of smoke generated due to the overlapping of the
unburned residue of the first injected fuel and the second injected fuel within an
allowable range. In other words, it is possible to increase the first injected fuel quantity
Sp in response to increases in the engine load while keeping the amount of smoke
generated due to the overlapping of the unburned residue of the first injected fuel and
the second injected fuel within an allowable range.

[0122]  In the case where the first injected fuel quantity Sp, the first injection time Tp, the
second injected fuel quantity Sm, the second injection time Tm, the third injected fuel
quantity Spp, the third injection time Tpp, and the ignition time Ts in the second
middle load range and the high load range R6 are determined using the control maps
according to this modification also, stable diesel combustion can be caused to occur
with reduced smoke generation.

[0123]  In the high load combustion control according to this example, in the second middle
load range RS and the high load range R6, appropriately adjusting the third injected
fuel quantity Spp allows the second injected fuel quantity Sm to be increased in the
range not exceeding the maximum second injected fuel range Smmax in response to
increases in the engine load. In other words, the second injected fuel quantity Sm may
be increased in response to increases in the engine load while keeping the amount of
smoke derived from the second injected fuel within an allowable range.

[0124]  Even in the case where not only the third injected fuel quantity Spp but also at least
one of the first injected fuel quantity Sp and the second injected fuel quantity Sm is
increased in response to increases in the engine load in the second middle load range
R5 and the high load range R6, it is preferred that 50 percent or more of the increase in
the load-adapted injection quantity SO responsive to an increase in the engine load be
made up of the increase in the third injected fuel quantity Spp. In other words, it is
preferred that the increase in the first injected fuel quantity Sp and the second injected
fuel quantity Sm be smaller than the increase in the third injected fuel quantity Spp. If
this is the case, in the case where at least one of the first injected fuel quantity Sp and

the second injected fuel quantity Sm is increased in response to an increase in the
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engine load, the amount of smoke can be made smaller than that in the case where 50

percent or more of the increase in the load-adapted injection quantity SO responsive to

the increase in the engine load is made up of the increase in the first injected fuel

quantity Sp and the increase in the second injected fuel quantity Sm (or the increase in

one of the first injected fuel quantity Sp and the second injected fuel quantity Sm, in

the case where only one of them is increased).

Reference Signs List

1

: internal combustion engine
: cylinder

: piston

: ignition plug

: fuel injection valve

: intake port

: exhaust port

: intake valve

10: exhaust valve
20: ECU

1: crank position sensor

22: accelerator position sensor

7

1: throttle valve

72: air flow meter

Tp: first injection time

Tm: second injection time

Tpp: third injection time

Ts: ignition time

Dil: first injection interval

Di2: second injection interval

Ds: ignition interval

Sp: first injected fuel quantity

Sm: second injected fuel quantity

Spp: third injected fuel quantity
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Claims

A control apparatus for an internal combustion engine comprising:

a fuel injection valve capable of injecting fuel into a combustion
chamber of an internal combustion engine;

an ignition device whose position relative to the fuel injection valve is
set in such a way that fuel spray injected through said fuel injection
valve passes through an ignition-capable region and the ignition device
can ignite the fuel spray directly; and

combustion control means that performs first injection through said fuel
injection valve at a first injection time during the compression stroke,
ignites pre-spray formed by the first injection by said ignition device,
and starts to perform second injection through said fuel injection valve
at a second injection time after the ignition of said pre-spray by said
ignition device and before the top dead center of the compression
stroke with a predetermined first injection interval between said first
injection time and said second injection time, said first injection
interval being set in such a way that combustion of the fuel injected by
said second injection is started by flame generated by ignition of said
pre-spray, thereby causing self-ignition of fuel to occur and causing a
portion of fuel injected by said second injection to be burned by
diffusion combustion,

wherein in an operation range in which the engine load of the internal
combustion engine is higher than a predetermined load, said
combustion control means performs third injection in addition to said
first injection and second injection at a third injection time prior to said
first injection time during the compression stroke with a predetermined
second injection interval between said first injection and said third
injection, said second injection interval being set in such a way that the
fuel injected by said third injection is burned by self-ignition or
diffusion combustion after the start of said second injection.

A control apparatus for an internal combustion engine according to
claim 1, wherein in the operation range in which the engine load of the
internal combustion engine is higher than said predetermined load, said
combustion control means increases the injected fuel quantity in said
third injection and advances said third injection time in response to an
increase in the engine load.

A control apparatus for an internal combustion engine according to
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claim 2, wherein when said combustion control means increases the
injected fuel quantity in said third injection in response to an increase
in the engine load, fifty percent or more of an increase in the total
injected fuel quantity responsive to the increase in the engine load is
made up of an increase in the injected fuel quantity in said third
injection, and the remaining portion of said increase in the total injected
fuel quantity is made up of an increase in the injected fuel quantity in at
least one of said first injection and second injection.

A control apparatus for an internal combustion engine according to any
one of claims 1 to 3, wherein in the operation range in which the engine
load of the internal combustion engine is higher than said prede-
termined load, said combustion control means keeps the injected fuel
quantity in said second injection at a fixed quantity regardless of the
engine load.

A control apparatus for an internal combustion engine according to any
one of claims 1 to 3, wherein in the operation range in which the engine
load of the internal combustion engine is higher than said prede-
termined load, said combustion control means keeps the injected fuel
quantity in said first injection at a fixed quantity regardless of the
engine load.

A control apparatus for an internal combustion engine according to
claim 5, wherein in an operation range in which the engine load of the
internal combustion engine is equal to or lower than said predetermined
load, said combustion control means increases the injected fuel quantity
in said first injection and advances said first injection time in response
to an increase in the engine load, and in the operation range in which
the engine load of the internal combustion engine is higher than said
predetermined load, said combustion control means keeps the injected
fuel quantity in said first injection at a fixed quantity smaller than the
largest injected fuel quantity in said first injection in the operation
range in which the engine load is equal to or lower than said prede-
termined load and keeps said first injection time at a fixed time later
than the most advanced first injection time in the operation range in
which the engine load is equal to or lower than said predetermined
load.

A control apparatus for an internal combustion engine according to
claim 2, wherein said predetermined load is an engine load corre-

sponding to the sum of an upper limit value of the injected fuel quantity
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in said first injection and an upper limit value of the injected fuel

quantity in said second injection.
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