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(57) Abstract: Provided is an internal combustion engine including a sparkplug disposed in the vicinity of the center portion of an
upper wall surface of a combustion chamber. Tumble flow generated during lean burn operation is controlled such that the tumble
flow shape changes according to the engine rotation speed between a first tumble shape (usual tumble shape) in which the tlow dir-
ection of a gas around the sparkplug at the time of ignition is direction from an intake valve side toward an exhaust valve side in a
latter half of a compression stroke, and a second tumble shape (» tumble shape) in which the flow direction of the gas is reversed in
the latter half of the compression stroke from the direction from the intake valve side toward the exhaust valve side to the direction
from the exhaust valve side toward the intake valve side.
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CONTROLLER‘FOR INTERNAL COMBUSTION ENGINE

BACKGROUND OF THE INVENTION

5 1. Field of the Invention

[0001] The invention relates to a controller for an internal combustion engine, and

more particularly to a controller for an internal combustion engine of a spark ignition type.

2. Description of Related Art

10 [0002] Japanese Patent Application Publication No. 2012-021501 (JP
2012-021501 A) discloses a controller for an internal combustion engine equipped with a
tumble flow control valve that generates tumble flow inside a cylinder. In such
conventional controller, an estimated tumble ratio is calculated on the basis of a detection
value of a first air flow meter provided upstream of a throttle valve and a detection value of

15  a second air flow meter provided directly below the tumble control valve (TCV). The
opening degree of the TCV is feedback controlled such that the calculated estimated
tumblé ratio follows the target tumble ratio. The targe‘t tumble ratio is set to within an
allowed control range for avoiding misfire and combustion instability.

[0003] = Although the tumble ratio (ratio of the flow velocity of the tumble flow to

20  the engine rotation speed) is controlled to within a fixed ran.ge, where the engine rotation
speed changes the velocity of the tumble flow also changes. During lean burn operation
conducted under the condition of a low fﬁel concentration in an air-fuel mixture, such as
operation at an air-fuel ratio (A/F) higher than the stoichiometric ratio or exhaust gas
recirculation (EGR) operation in which air containing a large amount of EGR gas is burﬁed,

25> the gas flow velocity around the sparkplug at the time of ignition is either too high or too

low, and stable ignition is difficult to obtain.

SUMMARY OF THE INVENTION

[0004]  With consideration for the above-described problems, the invention
CONFIRMATION COPY
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provides a controller for an internal combustion engine that contributes to the improvement
of ignition of an air-fuel mixture during lean burn operation conducted under the condition
of a low fuel concentration in the air-fuel mixture. |

[0005] An aspect of the invention provides a controller for an internal combustion
engine which includes a combustion chamber and a sparkplug. The sparkplug is disposed
in the vicinity of a center portion of an upper wall surface of the combustion chamber and
serves to ignite an air-fuel mixture.  In the internal combustion engine tumble flow is
generated inside a cylinder of the combustion chamber during lean burn operation. The
controller for the internal combustion engine is provided with an electronic control unit.
The electronic control unit is configured to change a shape of the tumble flow between a
first tumble shape and a second tumble shape according to an engine rotation speed, the
first tumble shape being provided such that flow direction of gas around the sparkplug at
the time of ignition of the internal combustion engine is direction from an intake valve side
toWard aﬁ exhaustv valve side in a latter half of a compression stroke, and the second
tumble shape being provided such that the flow direction of the gas is reversed in the latter
half of the compression stroke from the direction from the intake valve side toward the
exhaust valve side to direction from the exhaust valve side toward the intake valve side due
to change to the tumble flow having two swirling flow components with mutually opposite
rotation directions, as viewed from above the combustion chamber, in a process in which
the in-cylinder gas is compressed in the compression stroke.

[0006]  When the tumble flow with the second fumble shape is generated, the gas
flow velocity around the sparkplug starts decreasing in the compression stroke at a timing
earlier than that in the case in which the tumble flow with the first tumble .shape is
generated, -and the direction of the gas flow is soon reversed. Accordingly, with the
controller of the above-described configuration, the gas flow velocity around the sparkplug
at the time of ignition can be controlled by changing the shape of the tumble flow between
the first tumble shape such that the gas flow direction around the sparkplug is not reversed
in the latter half of the compression stroke and the second tumble shape such that the gas

flow direction is reversed according to the engine rotation speed. As a result, it is
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possible to provide a controller for an intermal combustion engine that improves the
ignition ability of an air-fuel mixture in lean burn operation performed under the condition
of low fuel concentration in the air fuel mixture.

[0007] In the controller, the electronic control unit may be configured to control

‘gas flow velocity around the sparkplug at the time of ignition to within a predetermined

flow velocity range by changing the shape of the tumble flow between the first tumble
shape and the second tumble shape according to the engine rotation speed.

[0008] With the controller of the above-described configuration, the gas flow

_y”e'l.qt_:i_’;‘y around the sparkplug at the time of ignition can be controlled to within a range

suitable for ignition, regardless of the engine rotation speed.

[0009] In the controller, the electronic control unit may be configured to change
the shape of the tumble flow to the first tumble shape in a first engine rotation speed region,
and the electronic control unit may be configured to change the shape of thé tumble flow to
the second tumble shape in a second enginc- rotation speed region, the second engine
rotation speed region being an engine rotation speed region higher than the first engine
rotation speed region.

[0010] The flow velocfty of gas flowing into a cylinder is proportional to the
engine rotation speed. Therefore, when no control is performed with respect to the gas
flow velocity around the sparkplug at the time of ignition, the gas ﬂo§v velocity increases
monotonously proportionally to the engine rotation speed. Accordingly, with the
controller of the above-described configuration, in the first engine rotation speed region,
the decrease in the gas flow velocity around the sparkplug at the time of ignition can be
suppressed by selecting the first tumble shape and suppressing the generation of the flow

with the second tumble shape, whereas in the second engine rotation speed region on the

- high rotation side, the decrease in the gas flow velocity around the sparkplug at the time of

ignition can be suppressed by selecting the second tumble shape.
[0011] Further, in the controller, the electronic control unit may be configured to

change the shape of tumble flow to the second tumble shape by increasing a drift of a

+ vortex center of tumble flow in the vicinity of a cross section passing through a cylinder
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bore center of the combustion chamber in an intake-exhaust direction in a latter half of a
compression stroke of the internal combustion engine with respect to a volume center of
the combustion chamber. -

[0012] Further, in the controller, the electronic control unit may be configured to

‘increase the drift with respect to a volume center of the combustion chamber as the engine

rotation speed is high, when the second tumble shape is generated in the second engine
rotation speed region.

[0013]  With the controller of the above-described configuration, the tumble flow
with the second tumble shape can be generated by increasing the drift, with respect to the
volume center of the combustion chamber, of the vortex center of the tumble flow in the
Vicinity of the cross section passing through the cylinder bore center in the intake-exhaust
direction in the latter half of the compression stroke.

[0014] Further, in the controller, the electronic control unit may be configured to
change the shape of the tumble flow to the second tumble shape by increasing a ratio of a
flow rate of an intake gas from an intake port toward a center portion of the combustion
chamber in the flow rate of the intake gas flowing into the combustion chamber in an
intake stroke of the internal combAustion engine.

[0015] With the controller of the above-described configuration, the tumble flow
with the second tumble shape can be generated by increasing the ratio of the flow rate of
the intake gas from the intake port toward the center portion of the combustion chamber in
a flow rate of the intake gas flowing into the combustion chamber in the intake stroke.

[0016] In the controller, the internal combustion engine may be provided with an
intake variable valve device, the intake variable valve device changing a lift amount of the
intake valve. A protrusion may be provided on a wall surface of the combustion chamber
so as to surround an outlet of the intake port, except a zone on a central side of the
combustion chamber. The electronic control unit may be configured to control the intake
variable valve device so that when the engine rotation speed is high, the lift amount of the

intake valve is less compared with the lift amount of the intake valve when the engine

rotation speed is low.
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[0017]  In the cohtroller, the electronic éontrol unit may be configured to control
the intake variable valve device so that when the engine rotation speed is high, thé lift
amount of the intake valve is a predetermined lift amount less compared with the lift
amount of the intake valve when the engine rotation speed is low. Further, the electronic
control unit may be configured to control the intake variable valve device so that when the
engine rotation speéd ié high, the lift amount of the intake valve continuously decreases to
a lift amount less compared with compared with the lift amount of the intake valve when
the engine rotation speed is low, as the engine rotation speed increases.

[0018] When the lift amount of the intake valve is.small, the flow of the intake
gas toward the center of the combustion chamber is facilitated by the protrusion by
comparison with that when the lift amount is large. As a result, the generation of the
tumble flow with the second tumble shape is facilitated.  Therefore, with the
above-described controller, where the engine rotation speed is low, the decrease in gas flow
velocity around the sparkplug at the time of ignition can be inhibited by suppressing the
generation of the tumble flow with the second tumble shape. Meanwhile, where the
engine rotation speed is high, the gas flow velocity around the sparkplug at the time of
ignition can be controlled. As a result, the gas flow velocity around the sparkplug at the
time of ignition can be controlled to within the range suitable for ignition, regardless of the
engine rotation speed.

{0019] Further, in the controller, the internal combustion engine may be provided
with anv intake variable valve device, the intake variable valve device changing a lift
amount of the intake valve. A protrusion may be provided on a wall surface of the
combustion chamber so as to surround an outlet of the intake port in a zone on a central
side of the combustion chamber. The electronic control unit may be configured to control
the intake variable valve device so that when the engine rotation speed is high, the lift
amount of the intake valve is larger compared with the lift amount of the intake valve when
the engine rotation speed is low.

[0020] In the controller, the electronic control unit may be configured to control

the intake variable valve device so that when the engine rotation speed is high, the lift
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amount of the intake valve is a predetermined lift amount that is larger compared with the
lift amount of the intake valve when the engine rotation speed is low. Further, in the
controller, the electronic control unit may be configured to control the intake variable valve
device so that when the engine rotation speed is high, the lift amount of the intake valve
continuously increases to a lift amount larger compared with the lift amount of the intake
valve when the engine rotation speed is low, as the engine rotation ‘speed increases.

[0021] With the above-described controller, when the lift amount of the intake
valve is large, the flow of the intake gas toward the center of the combustion chamber is
facilitated by the protrusion by comparison with that wheﬁ the lift amount is small. Asa

result, the generation of the tumble flow with the second tumble shape is facilitated.

~ Therefore, with the above-described controller, where the engine rotation speed is low, the

decrease in gas flow velocity around the sparkplug at the time of ignition can be inhibited
by suppressing the generation of the tumble flow with the second tumble shape.
Meanwhﬂe, where the engine rotation speed is high, the increase in gas flow velocity
around the spérkplug at the time of ignition can be inhibited by generating the tumble flow
with the second tumble shape. As a result, the gas flow velocity around the sparkplug at
the time of ignition can be controlled to within the range suitable for ignition, regardlcss of
the ehgine rotation speed.

[0022] . In the controller, the second tumble shape may be generéted when a
reversal timing of the gas flow direction is after the ignition timing of the sparkplug. The
internal combustion engine may be provided with an intake variable valve device. The
intake variable valve device may configuréd to change a time period with the maximum
valve lift among the valve lift amounts of the intake valve. The electronic control unit
may be configured to control the intake variable valve device so that when the engine
rotation speed is high, the time period with the maximum valve lift is shorter compared
with the time period with the maximum valve lift when the engine rotation speed is low.

[0023] In the controller, the electronic control unit may be configured to control
the intake variable valve device so that when the engine rotation speed is high, the time

period with the maximum valve lift is a predetermined period of time shorter compared
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with the time period with the maximum valve lift when the engine rotation speed is low.
Further, in the controller, the electronic control unit may be configured to control the intake
variable valve device so that when the engine rotation speed is high, the time period with
the maximum valve lift continuously decreases, as the engine rotation speed increases, to a
period of time that is shorter compared with the time period with the maximum valve lift
when the engine rotation speed is low.

[0024] Where the time period with the maximum valve lift of the intake valve is
extended, the intake gas easily flows into the cylinder in a dispersed state, without forming
a mass. Meanwhile, where the time period with the maximum valve lift of the intake
valve is shortened, the intake gas easily flows into the cylinder as a concentrated mass.
Where the intake gas flows into the cylinder as a concentrated mass, the tumble flow with
the second tumble shape is easily generated. Accordingly, with the above-described
controller, where the ‘engine rotation speed, at which the time period with the maximum
valve lift is controlled to a relatively leng value, is low, the generation of the tumble flow
with the second tumble shape is suppressed, thereby making it possible to suppress the
decrease of the gas flow velocity around the sparkplug at the time of ignition. Meanwhile,
where the engine rotation speed, at which the time period with the maximum valve lift is
controlled to a relatively small value, is high, the generation of the tumble flow with the’
second. tumble shape is suppressed, thereby making it possible to suppress. the increase of
the gas flow velocity around the sparkplug at the time of ignition. As a result, the gas
flow velocity around the sparkplug at the time of ignition can be controlled to within a

range suitable for ignition, regardless of the engine rotation speed.

BRIEF DESCRIPTION OF THE DRAWINGS

[0025] Features, advantages, and technical and industrial significance of
exemplary embodiments of the invention will be described below with. reference to the
accompanying drawings, in which like numerals denote like elements, and wherein:

FIG. 1 is a schematic diagram for explaining the system configuration of an internal

combustion engine of Embodiment 1 of the invention;
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FIG. 2 represents the relationship between the ignition lag of an air-fuel mixture, a
gas flow velocity around a sparkplug, and the fuel concentration of an air-fuel mixture;

FIG. 3 shows in a time sequence the behavior of a discharge spark within the
discharge period of time in the case in which a discharge disruption has occurred in the
internal combustion engine;

FIGS. 4A, 4B, and 4C serve to explain the specific features realized when the tumble
flow generated ina cylinder has the usual tumble shape in the internal combustion engine;

FIGS. 5A, 5B, and 5C serve to explain the specific features realized when the tumble
flow generated in a cylinder has the @ tumble shape in the internal combustion engine;

FIGS. 6A and 6B represent changes in gas flow velocity inside a cylinder in the latter
half of a compression stroke when the tumble flow with the w tumble shape is generated,

FIGS. 7A and 7B serve td explain a condition suitable for generating the tumble flow
with the o tumble shape;

FIG. 8 serves to compare and explain changes in the flow velocity close to the plug in
the latter half of the compression stroke for the usual tumble shape and the w tumble
shape; |

FIG. 9 serves to explain the specific control of the flow velocity close to the plug at

the time of ignition in Embodiment 1 of the invention;

..  FIGS. 10A, 10B, and 10C serve to explain a method for controlling the flow velocity

close to the plug at the time of ignition by controlling the generation and non-generation of
the tumble flow with the w tumble shape by adjusting the tumble ratio with the TCV in
Embodiment 1 of the invention; |

FIG. 11 is a flowchart of the routine executed in Embodiment 1;

FIGS. 12A, 12B, and 12C serve to explain a method for controlling the flow velocity
close to the plug at the time of ignition by controlling the generation and non-generation of
the tumble flow with the o tumble shape by changing the tumble ratio with the TCV in
Embodiment 2 of the invention;

FIG. 13 is a flowchart of the routine executed in Embodiment 2;

FIG. 14 is a schematic diagram for explaining the system configuration of an internal
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combustion engine of Embodiment 3 of the invention;

FIG. 15 serves to explain the valve lift characteristic of the intake valve that is
changed by the intake variable valve device shown in FIG. 14;

FIGS. 16A and 16B serve to explain a change of gas flow inside the cylinder that
follows switching of the valve lift characteristic shown in FIG. 15;

FIGS. 17A and 17B serve to explain a method for controlliﬁg the flow velocity close
to the plug at the time of ignition by controlling the generation and non-generation of the
tumble flow with the w flow shape by switching the period of time with a maximum valve
lift with the intake variable valve device in Embodiment 3;

FIG. 18 is a flowchart of the routine executed in Embodiment 3;

‘FIG. 19 is a schematic diagram for explaining the system configuration of an internal
combustion engine of Embodiment 4 of the invention;

FIG. 20 serves to explain the detailed configuration of the valve mask shown in FIG.
19;

FIG. 21 is a cross-sectional view of the configuration around an intake port, this view
being taken along the A-A line in FIG. 20;

FIGS. 22A and 22B serve to explain a method for controlling the flow velocity close
to the plug at the time of ignition by controlling the generation and non-generation of the
tumble flow with the w tumble shape by the valve mask and by changing the lift amount of
the intake valve with the intake variable valve device in Embodiment 4; |

FIG. 23 is a flowchart of the routine executed in Embodiment 4;

FIG. 24 is a schematic diagram for explaining the detailed configuration of the valve
mask provided in the internal combustion engine of Embodimeﬁt 5 of the invention;

FIG. 25 is a cross-sectional view of the configuration around an intake port, this view
being taken along the B-B line in FIG. 24;

FIGS. 26A and 26B serve to explain a method for controlling the flow velocity close
to the plug at the time of ignition by controlling the generation and non-generation of the
tumble flow with the w tumble shape by the valve mask and by changing the lift amount of

the intake valve with the intake variable valve device in Embodiment 5; and
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FIG. 27 is a flowchart of the routine executed in Embodiment 5.

DETAILED DESCRIPTION OF EMBODIMENTS

[0026] The system configuration of Embodiment 1 of the invention is explained
below. FIG. 1 is a schematic diagram illustrating the system configuration of an internal
combustion engine 10 of Embodiment 1. The system of the embodiment is provided with
the internal combustion engine 10 of a spark ignition type. A piston 12 is provided in
each cylinder of the internal combustion engine 10. A combustion chamber 14 is formed
at the top side of thé piston 12 inside the cylinder. An intake passage 16 and an exhaust
passage 18 communicate with the combustion chamber 14.

[0027]  An air flow meter 20 that outputs a signal corresponding to the flow rate
of air taken into the intake passage 16 is provided close to the inlet of the intake passage 16.
An electronically controlled throttle valve 22 is provided downstream of the air flow meter
20. An electronically controlled TCV 24 is provided in the intake passage 16 after the
passage has been branched toward each cylinder. The TCV 24 generates tumble flow
(vertical vortex flow) by generating a drift in the flow of air inside an intake port 16a.
Thus, the TCV 24 is an actuator affecting the gas flow inside the cylinder. By changing
the opening degree of the TCV 24; it is possible to adjust the tumble ratio (ratio of the
angular velocity of the tumble flow to the engine rotation speed) of the tumble flow.

[0028] An intake valve 26 that opens and closes the intake port.16a is provided in
the intake port 16a of the intake passage 16, and an exhaust valve 28 that opens and closes
an exhaust port 18a is provided in the exhaust port 18a of the exhaust passage 18. A fuel
injection valve 30 for directly injecting fuel into the cylinder is provided in each cylinder
of the internal combustion engine 10. A sparkplug 32 of an igniter (not shown in the
figure) for igniting the air-fuel mixture is also provided inside each cylinder. More
specifically, the sparkplug 32 is disposed close to the center portion of the upper wall
surface (that is, the wall surface on the cylinder head side) of the combustion chamber 14.
Further, as shown in the below-described FIGS. 6A and 6B, two intake valves 26 are

provided adjacently in each cylinder, and two exhaust valves 28 are provided adjacently to
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each other and opposite the intake valves 26, with the sparkplug 32 being interposed
between the intake valves and the exhaust valves.

[0029]  The internal combustion engine 10 is provided with an EGR passage 34
connecting the intake passage 16 to the exhaust passage 18. An EGR valve 36 for
adjusting the amount of EGR gas (external EGR gas) that flows back to the intake passage
16 through the EGR passage 34 is disposed in the intermediate section of the EGR passage
34. By changing the opening degree of the EGR valve 36, it is possible to change the
flow rate of the exhaust gas (EGR gas) flowing in the EGR passage 34 and adjust an EGR
ratio. An A/F sensor 38 for detecting the A/F of the exhaust gas is disposed in the exhaust
passage '18.

[0030] The system shown in FIG. 1 is also provided with an electronic control
unit (ECU) 40. In addition to the abovementioned air flow meter 20 and the A/F sensor
38, various sensors for detecting the operation state of the internal coinbustion engine 10,
such as a crank angle sensor 42 for detecting the engine rotation speed, are connected to
the input unit of the ECU 40. Various actuators for controlling the operation of.the
internal combustion engine 10, such as the abovementioned throttle valve 22, the TCV 24,
the fuel injection valve 30, the sparkplug 32, and the EGR valve 36, are connected to the
output unit of the ECU 40. The ECU 40 performs the predetermined engine control such
as fuel injection control and ignition control, and also the below-descfibed tumble flow
control by actuating the actuators according to the abovementioned sensors and a
predetermined program.

[0031]  The necessity of controlling the gas flow velocity around a sparkplug at
the time of ignition in lean burn operation is explained below. FIG. 2 represents the
relationship between the ignition lag of an air-fuel mixture, gas flow velocity around the
sparkplug 32, and fuel concentration in the air-fuel mixture. The opefation region of the
internal combustion engine 10 includes a lean burn operation region in which operation is
performed under the condition of a low fuel concentration in the air fuel mixture. Where
the level of fuel concentration in the air-fuel mixture is explained in the description, it is

assumed that when the EGR gas is introduced, not only the air, but also the EGR gas is
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included in the air-fuel mixture, that is, that not only the taken-in air, but also the EGR gas
is present therein. In greater detail, it can be said that the lean burn operation is
performed under the conditions such that the fuel concentration of the air-fuel mixture is
lower than that under standard conditions of operation at a stoichiometric ratio and a zero
EGR ratio by increasing the amount of air or the amount of EGR gas over those under the
standard condifi'ons. In other words, the lean burn operation is performed under the
condition such that the fuel cbncentration of the A/F is equal to or less than a
predetermined value (the condition under which the degradation of ignition ability of the
A/F (ignition lag) is a concern). The lean burn'operation region is specified by the engine
rotation speed and engiile load.

[0032] Therefore, the lean burn operation, as referred to in the description, is
inclusive not only of the operation performed under an A/F higher than the stoichiometric
ratid (that is, the operation in which the fuel concentration is diluted by increasing the ratio
of the air amount in relation to the fuel amount), but also of the operation performed under
a high EGR ratio created by the introduction of a large amount of the EGR gas (that is, the
operation performed by diluting the fuel concentration by increasing the ratio of the EGR

gas amount in relation to the fuel amount). The operation performed with the A/F in the

" vicinity of the stoichiometric ratio can be also included in such operation under a high

EGR ratio.

[0033] In the lean burn operation that attains a high thermal efficiency, it is
important to advance the transition to a leaner fuel concentration in the air-fuel mixture
inside the cylinder and reduce the amount of NOx discharged from the internal combustion
engine 10. However, during the lean burn operation (in particular, during homogeneous
lean burn combustion performed by forming a lean air-fuel mixture uniformly in the entire
interior of the cylinder, as in the internal combustion engine 10 of the embodiment), the
transition to an excessively lean fuel concentrat‘ion can destabilize the combustion.

[0034]  As shown in FIG. 2, during the lean burn operation, the ignition lag of the
air-fuel mixture increases with the decrease in fuel concentration. Where the ignition lag

increases, torque fluctuations in the internal combustion engine 10 increase. Further, the
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ignition lag changes according to the gas flow velocity around the sparkplug 32 (referred to
hereinbelow as "flow velocity close to the plug") at the time of ignition (within the
discharge period of time of the sparkplug 32). Therefore, in order to fit the ignition lag
into a range in which torque fluctuations are at an allowed level and to obtain stable
combustion, it is necessary to fit the flow velocity close to the plug at the time of ignition
into a fixed range. The predetermined flow velocity range for the flow velocity cloée to
the plug gets narrower as the fuel concentration decreases, as shown in FIG. 2.

[0035] The rel_altionship between the ignition lag and the flow velocity close to the
plug is such that the ignition lag increases as the flow velocity changes to the higher flow
velocity side and lower flow velocity side with respect to a certain flow velocity value
(optimal value). The reason why the ignition lag increases on the higher flow velocity
side and lower flow velocity side will be explained below with reference to FIG.3. FIG.3
shows in a time sequence the behavior of a discharge spark within the discharge period of
time in the case in which a discharge disruption has occurred.

[0036] As shown in FIG. 3(a), after a discharge has started, an electric spark that
has occurred in a plug gap is caused to flow by the gas flow around the sparkplug 32, as
shown in FIGS. 3(b) and 3(0). As a result, the discharge path length increases. Where
the discharge occurs, the electric resistance decreases due to the ionization of gas on the
discharge spark path. However, where the discharge path length increases too much due
to a high flow velocity close to the plug, the electric resistance value on the discharge path
increases over that at the shortest distance in the plug gap, and the discharge disruption
occurs as shown in FIG. 3(d). - Where the discharge disruption occurs, discharge is
immediately performed again at the shortest distance in the plug gap, as shown in FIG
3(e).

[0037]  The reason for the ignition performance degrading on the high flow
velocity side is the first to be explained below. At a fuel concentration close to a lean
limit, a certain time is required for the air-fuel mixture to reach the ignition stage (till a
chemical reaction is start;d). Where the flow velocity close to the plug increases, the

time till the discharge is disrupted is shortened. Therefore, the time till the same A/F at a
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certain position is h_eated by the electric spark and the ignition stage is reached is
insufficient. As a result, the ignition performance is degraded.

[0038]  The reason for the ignition performance degrading on the low flow.
velocity side is next to be explained. Energy per unit length of an electric spark created
by an electric discharge is determined by characteristics of an ignition coil and is constant
regardless of the discharge path length. Therefore, where the discharge path length is
increased by a gas flow or the like, the energy supplied to the entire air-fuel mixture
increases and the volume of the heated air-fuel mixture also increases. However, where
the flow velocity close to the plug decreases, the discharge path is unlikely to extend.
Therefore, neither the supplied energy nor the air-fuel mixture volume is increased. Asa
result, the ignition performance is degraded. |

[0039] As indicated hereinabove, in order to fit the ignition lag into a range in
which torque fluctuations are at an allowed level and to obtain stable combustion, it is
necessary to fit the flow velocity close to the plug at the time of ignition into a fixed range.
However, the flow velocity of the gas flowing into the cylinder is proportional to the
enginé rotation speed. Therefore, when no control is performed with respect to the flow
velocity close to the plug, the flow velocity close to the plug increases monotonously
proportionally to the engine rotation speed as shown by a broken line in the
below-described FIG. 9. .Accordingly, in the embodiment, the flow velocity close to the
plug at the time of ignition in the lean burn operation region is controlled using a change of
the shape of the tumble flow generated inside the cylinder. More specifically, the tumble
flow shape is changéd between a usual tumble shape (also referred to as "first tumble
shape") and a o tumble shape which is defined hereinbelow (also referred to as "second
tumble shape").

[0040]  The generation mechanism of the tumble flow with the o tumble shape is
eXplained below. FIGS. 4A to 4C illustrate specific features of the usual tumble shape.
FIGS. 5A to 5C illustrate specific features of thevm tumble shape. More specifically,
FIGS. 4A and 5A are plan views of the combustion chamber 14 taken from above. FIGS.

4B and 5B are side views of the combustion chamber 14 taken from the intake side.
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FIGS. 4C and 5C show the flow direction of the tumble flow with the usual tumble shape
and the w tumble shape, respectively, when the combustion chamber 14 is viewed from
above. FIGS. 4A to 4C and FIGS. 5A to 5C correspond to a timing close to the
compression top dead center in a compression stroke.

[0041]  The basic rotation direction of the tumble flow generated inside a cylinder
is a counterclockwise direction in FIG. 1, that is, the direction in which the gas flowing
from the intake port 16a into the cylinder flows toward the top surface of the combustion
chamber 14, wall surface inside the cylinder on the exhaust valve 28 side, top surface of
the piston 12, wall surface inside the cylinder on the intake Vélve 26 side, ‘and top surface
of the combustion chamber 14, in the order of description. A tumble center axis, which is
discussed hereinbelow, is obtained by connecting the vortex center points of the tumble
flow in the croés-sections of the combustion chamber 14 viewed from the direction of the
arrow (A) in FIG. 4A. White round symbols in FIGS. 4A to 4C and FIGS. 5A to 5C
denote the vortex center points of the tumble flow in a cross section (cross section in the
intake-exhaust direction) passing through the center of the cylinder bore where the
sparkplug 32 is disposed, and black round symbols in the same figures denote the vortex
center points of the tumble flow in a cross section passing through the axial centers of the

intake valve 26 and the exhaust valve 28.

[0042] The tumble center axis of the usual tumble shape is a bend-free axis .

horizontal with respect to the cylinder, as shown in FIGS. 4A and 4B. Therefore, the flow
with the usual tumble shape becomes.a uniform flow from the intake side toward the
exhaust side, as shown in FIG. 4C, even in the latter half of the compression stroke. By
contrast, the tumble center axis of the w tumble shape is a bent axis for which the vortex
center of the tumble flow in the cylinder bore center (it is also the sparkplug position) isa
bending point, as shown in FIGS. 5A and 5B. More specifically, in the case of the ®
tumble shape, the vortex center position (shown by a white circle symbol) of the tumble
flow in the cross section passing through the cylinder bore center rises with respect to the

vortex center position on the periphery thereof, as shown in FIG. 5B. Even more

specifically, in the vicinity of the compression top dead center, a drift from the horizontal
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to the upward direction with respect to the volume center of the combustion chamber 14
occurs at the vortex center position of the tumble flow in the cross section passing through
the cylinder bore center. Such a drift is referred to hereinbelow simply as "the drift of the
vortex center of the tumble flow". Therefore, in such a case, tumble flow that essentially
should be a single rigid vortex inside a cylinder changes into tumble flow (tumble flow
having two swirling flow (transverse vortex flow) components with mutually different
rotation directions, as viewed from above the combustion chamber 14) having two center
axes due to bending of the tumble center axis in the process in which the in-cylinder gas is
compressed in the cbmpression stroke. As a result, with the w tumble shape, the flow
assumes the w shape, as viewed from above the combustion chamber 14, in the vicinity of
the compression top dead center, as shown in FIG. 5C. When such an w-shaped flow is
generated, the flow direction of thé gas around the sparkplué 32 is reversed in the vicinity
of the compression top dead center in the compression stroke.

[0043] | Furthermore, in the intake stroke, bending occurs in the tumble center axis
in both the usual tumble shape and the o tumble shape. In the case in which the bending
of the tumble center axis remains in the vicinity of the compression top dead center, the w
tumble shape is obtained, and in the case in which the bending of the tumble center axis
disappears in the compression stroke, the usual tumble shape is obtained.

[0044] FIGS. 6A and 6B represent changes in gas flow velocity inside. the
cylinder in the latter half of the compression stroke when the tumble flow with the

tumble shape has occurred. More specifically, the graph in the upper portion of FIG. 6B

' shows changes in gas flow velocity in a measurement point A. The measurement point A

is a plug gap position. The graph in the intermediate portion of FIG. 6B shows changes in
gas flow velocity at a predetermined position radially outside of the cylinder bore with
respect to the measurement point A. The graph in the lower portion of FIG. 6B shows
changes in gas flow velocity at a predetermined position further radially outside the
cylinder bore with respect to the measurement point A. In FIGS. 6A and 6B, the velocity
of the flow from the intake valve side toward the exhaust valve side is taken to be positive.

The same is true for the below-described FIG. 8.
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(0045]  As shown in the upper portion of FIG. 6B, when the tumble flow with the
w tumble shape has occurred, the flow direction of in-cylindér gas at the plug gap position
is reversed in the vicinity of the compression top dead center, that is, the flow direction
changes from the flow from the intake valve side toward the exhaust valve side to the flow
from the exhaust valve side toward the intake valve side. This change in the flow
direction of in-cylinder gas is attenuated with the distance from the plug gap position, as
follows from the comparison of drawings in FIGS. 6A and 6B. In the case shown in
FIGS. 6A and 6B, the reverse of the flow direction does not occur at the measurement
point C

[0046] As described hereinabove, when the tumble center axis bends and a drift
occurs in the vortex center of the tumble flow in the latter half of the compression stroke,
the w tumble shape is obtained and the flow direction of in-cylinder gas is reversed at the
cylinder bore center position (which is also the plug gap position) in the vicinity of the
compression top dead center. Therefore, it can be said that the usual tumble shape (also
referred to as "first tumble shape") converges to zero as the flow veloc‘ity of gas around the
sparkplug 32, which i;s originally directed from the intake valve side toward the exhaust
valve side, approaches the compression top dead center, as shown in the below-described

FIG. 8, whereas in the ® tumble shape (also referred to as "second tumble shape"), the flow

direction of gas around the sparkplug 32 in the latter half of the comprsssion stroke is

reversed from the direction from the intake valve side toward the exhaust valve side to the
direction from the exhaust valve side toward the intake valve side as the flow velocity
close to the plug decreases.

[0047]  FIGS. 7A and 7B serve to illustrate the conditions suitable for generating
the tumble flow with the ® tumble shape. FIG. 7A represents the gas flow inside the
cylinder in the middle of the intake stroke. The speéd of the piston 12 has a maximum in
the middle of the intake stroke, and the valve lift amount of the intake valve 26 is generally
set to be the largest at this timing. Therefore, an intake gas mass M with a large flow rate
flows into the cylinder in the middle of the intake stroke and is present in the vicinity of the

intake valve 26, as shown by an arrow in FIG. 7A.
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[0048] FIG. 7B shows the gas flow inside the cylinder at a certain timing in the
middle of the compression stroke, that is, when the piston 12 makes one stroke from the
timing shown in FIG. 7A. The tumble center point shown in FIG. 7B indicates the vortex
center of the flow mainly constituted by the intake gas mass M (a state in which a drift has
occurred with respect to the volume center of the combustion chamber 14).

[0049] In the case shown in FIGS. 7A and 7B, as shown in FIG. 7B, the intake gas
mass M shown in FIG. 7A rotates thrqugh about 270° inside the cylinder within one stroke
of the piston 12 and takes a position on the intake side. In such a case, the drift of the
vortex center of the tumble flow with respect to the volume center of the combustion
charﬁber 14 in the latter half of the compression stroke is accelerated, from the very start,
by the presence of the intake gas mass M. Moreover, in this case, since the intake gas
mass M is positioned on the intake side in the middle period of the compression stroke in
which the speed of the piston 12 has a maximum, the flow of the mass M is further
accelerated by the rise of the piston 12. As a result, the drift of the vortex center of the
tumble flow in the subsequent compression stroke is enhanced.

[0050] By contrast with this case, where the intake gas mass is positioned on the
exhaust side in the middle period of the compression stroke, the rise of the piston 12 acts to
cancel the force of this massive flow. Meanwhile, the non-massive flow positioned on the
intake side at this timing is élightly accelerated by the rise of the.piston 12. As a result,
the vortex center of the tumble flow approaches the volume center of the combustion
chamber 14, by contrast with the case illustrated by FIGS. 7A and 7B, and the bending of
the tumble center axis is eliminated.

[0051] The above-described contents makes it clear that under a condition that the
intake gas mass M, which has a large flow rate, is positioned on the intake side at the
timing at which the speed of the piston 12 has a maximum in the compression stroke (that
fs, in the middle period of the compression stroke), the drift of the vortex center of the
tumble flow effectively increases and the tumble flow with the w tumble shape is
effectively generated. Therefore, by changing the tumble ratid from a certain value

toward the tumble ratio during the rotation of the in-cylinder gas in one stroke, as shown in
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FIGS. 7A and 7B, it is possible to increase the degree of drift of the vortex center of the
tumble flow and intensify the flow with the o tumble shape.

[0052] The specific portion of the control performed in Embodiment 1 is
described below. FIG. 8 serves to compare and explain changes in the flow velocity close
to the plug in the latter half of the compression stroke for the usual tumble shape and the ®
tumble shape. In FIG. 8, a case is presumed in which the reversal timing of the gas flow
direction around the sparkplug 32 at the time the tumble flow with the @ tumble shape is
generated is after the setting range of the ignition timing durihg the lean burn operation.
The control in the embodiment and the below-described Embodiments 2 to 5 is based on
this presumption.

[0053] As shown in FIG. 8, when the tumble flow with the o tumble shapev is
génerat‘ed, as the generation of the flow with the w tumble shape advances in the latter half
of the compression stroke, the flow velocity close to the plug decreases greater than in the
case in which the tumble flow with the usual tumble shape is generated, and the flow
direction of the gas around the sparkplug 32 is soon reversed. Such a decrease in the flow
velocity close to the plug becomes more remarkable as the flow with the o tumble shape
becomes stronger, that is, as the drift of the Voftcx center of the tumble flow is intensified.
Therefore,v by controlling the tumble flow such that the shape of the tumble flow changes
between the usual tumble shape and the o tumble shape, it is possible to control the flow
velocity close to the plug at the time of ignition.

[0054] FIG. 9 serves to explain the specific control of the flow velocity close to
the plug at the time of ignition in Embodiment 1 of the invention. In the embodiment, the
shape of the tumble flow is changed between the usual tumble shape and the w tumble
shape according to the engine rotation speed in order to éontrol the flow velocity close to
the plug at the time of ignition in a predetermined flow velocity range (ignition optimum
range) in a lean burn operation region. More specifically, as shown in FIG. 9, in the first
engine rotation speed region R1 on the side of a low engine rotation speed in the lean burn
operation region, the tumble flow is controlled such that the generation of the ﬂow with the

o tumble shépe is suppressed and the tumble flow with the usual tumble shape is generated.
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In the second engine rotation speed region R2 on the side of the high engine rotation speed
in the lean burn operation region, the tumble flow is controlled such that the tumble flow
with the o tumble shape is generated.

[0055]  The lean burn operation region, which is the objéct of tumble flow control
in the embodiment, may be set in advancé such as to perform the lean burn operation, or
the position of this region or the zone occupied thereby in the entire operation region can
be changed, as appropriate, d\iri_ng the operation. Further, the lean burn operation region
may be the entire bpe‘ration region in which the lean burn operation is to be performed in
the internal combustion engine 10, or may be a partial region thereof in which the ignition
ability is to be most strictly ensured by operating at the highest A/F (or A/F rangé) or by
operating using the highest EGR ratio (or EGR ratio range). '

[0056]  The flow velocity range shown in FIG. 9 is the optimal flow velocity range

(that is, the optimal ignition range) in which the problem relating to the ignition ability of

~ the air-fuel mixture in the lean burn operation, which has been described hereinabove with

reference to FIGS. 2 and 3, can be avoided. Further, this optimal ignition range takes into
account the spread of ignition between the cycles. In FIG. 9, in the flow velocity close to
the plug — engine rotation speed characteristic, which is shown by a broken line, it is
possible that the flow velocity close to the plug at the time of ignition in the lean burn
operation region could not be fit into the flow velocity range. By contrast, in the interﬁal
combustion engine 10 of the embodiment, the flow velocity close to the plug at the time of
ignition can be fif into the flow velocity range in the lean burn operation region by
controlling the generaﬁon of the tumble flow with the ® tumble shape and the
non-generation of the tumble flow with the w tumble shape according to the changes in the
engine rotation speed.

[0057] A concrete example of the specific control performed in Embodiment 1 is
explained below. FIGS. 10A to 10C serve to explain a method for controlling the flow
velocity close to the plug at the time of ignition by controlling the generation and
non-generation of the tumble flow with the o tumble shape by adjusting the tumble ratio

with the TCV 24.
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[0058] With the method shown in FIGS. 10A to 10C, the shape of the tumble
flow is controlled between the usual tumble shape and the w tumble shape by controlling
the tumble ratio with the TCV 24. The case in which the TCV opening degree is fixed at
the first TCV opening degree shown in FIGS. 10A to 10C, regardless of the engine rotation
speed, is shown by a broken line. Where the TCV opening degree is thus fixed at the first
TCV opening degreé, the flow velocity close to the plug deviates from the optimal ignition
range in the region on a high-rotation side in the lean burn operation region due to the
increase in the gas flow velocity which follows the increase in the engine rotation speed.
Likewise, where the TCV opening degfee is fixed at the second TCV opening degree, the
flow velocity close to the plug also deviates from the optimal ignition range, in the region
on the low-rotation side, as shown by the broken line.

[0059]  The first TCV opening degree is assumed to be set such as to obtain a

" tumble ratio that is larger than the tumble ratio within the range suitable for generating the

tumble flow with the o tumble shape (this is a predetermined range centered on a tumble
ratio during the rotation of the in-cylinder gas in one stroke, as in the example shown in
FIGS. 7A and 7B). By using the first TCV opening degree that has thus been set, it is
possible to suppress the generation of the flow with the w tumble shape and generate the
tumble flow with the usual tumble shape. Further, the second TCV opening degree is
assumed to be set such as to obtain the tumble ratio within the range suitable for generating
the tumble ratio with the o tumble shape. By using the second TCV opening degree that
has thus been set, it is poSs_ible to induce a drift of the vortex center of the tumble flow and
generate the .tumble flow with the w tumble shape. Furthermore, the second TCV
opening degree is assumed to be.a TCV opening degree which is set such that the flow
velocity close to the plug does not fall below the lower limit of the optimal ignition range
at the first engine rotation speed NE1.

[0060] In the case shown in FIGS. 10A to 10C, in the region (also referred to as
the first engine rotation speed region R1) on' the low-rotation side in the lean burn
operation region, the first TCV opening degree is used so that the flow velocity close to the

plug could be fit into the optimal ignition range by using the tumble flow with the usual
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tumble shape. Accordingly, in the embodiment, in the engine rotation speed region R1,
which is lower than the first engine rotation speed NE1 at which the upper limit of the
6ptima1 ignition range is reached while the TCV opening degree is fixed at the first TCV
opening degfee, the TCV opening degree is controlled to the first TCV opening degree.

[0061]  Meanwhile, in the high engine rotation speed region (also referred to as
the second engine rotation speed region R2), which is equal to or higher than the first
engine rotation speed NEI1, the TCV openihg degree is controlled to the second TCV
opening degree. As a result, the flow velocity close to the plug can be reduced in the
vicinity of the first engine rotation speed NE1, at which the tumble flow shape is changed,
as shown in FIG. 10A, by génerating the tumble flow with the w tumble shape. By so
changing the tumble flow shape according to the engine rotation speed, it is possible to
maintain the flow velocity close to the plug at the time of ignition in the lean burn
operation region within the optimal ignition range.

[0062]  Further, with the method shown in FIGS. 10A to 10C, the TCV opening
degree is fixed at the second TCV opening degree in the region R2 on the high-rotation
side with respect to the first engine rotation speed NE1, but the TCV opening degree may
be instead adjusted sﬁch as to obtain a tumble ratio with a higher degree of drift of the
vortex center of the tumble flow at a higher engine rotation speed in the region on the
high-rotation side. As a result, the flow with the w tumble shape is further intensified
following the increase in the engine rotation speed, and therefore a change in the flow
velocity close to the plug caused by a change in the engine rotation speed in the region on
the high-rotation side can be moderated, as shown in FIG. 9.

[0063] FIG. 11 is a flowchart showing a control routine executed by the ECU 40
in order to realize the specific control of Embodiment 1 of the invention. The routine is
executed repeatedly for each cycle of the internal combustion engine 10 with respect to
each cylinder. |

[0064] In the routine shown in FIG. 11, the ECU 40 initially uses the output of the
air flow meter 20 and the crank angle sensor 42 and determines (specifies) the present

operation region of the internal combustion engine 10 (this operation region is determined
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by the engine rotation speed and engine load) (step 100). Then, the ECU 40 determines
whether the present operation region is the lean bum operation region with a low fuel
concentration in the air-fuel mixture (step 102).

[0065]  Where it is determined in step 102 that the present operation region is the
lean burn operation region, the ECU 40 determines a target A/F (step 104). With the
object of sup.pressing the NOx exhaust amount, the ECU 40 stores a map (not shown in the
figure) in which the target A/F is determined according to the operation region, and
determines thev target A/F in step 104 by referring to the map.

[0066]  Then, the ECU. 40 determines the ignition energy to be supplied to the
sparkplug 32 according to the determined target A/F (step 106). The ignition energy can
be adjusted, for example, by providing a plurality of ignition coils for the sparkplug 32 and
changing, as necessary, the number of the ignition coils used for discharge.

[0067] Then, the ECU 40 determines whether or not.the present engine rotation
speed NE is lower than the first engine rotation speed NE1 (step 108). As mentioned
hereinabove, the first engine rotation speed NE1 is a threshold for changing the tumble
flow shape according to the éngin¢ rotation speed in the lean burn operation region.

[0068]  Where a positive determination is made in step 108 (NE < NE1), the ECU
40 determines a flow velocity control value (target TCV opening degree) by using the first
TCV opening degreg, and also determines, according to predetermined maps or the like,
the target values for the throttle opening degree, fuel injection amount, and ignition timing
for realizing the required torque under the target A/F (step 110). Meanwhile, where a
negative determination is made in step 108 (NE = NE1), the ECU 40 determines the flow
velocity control value (target TCV opening degree) by using the second TCV opening
degree, and also determines, according to predetermined maps or the like, the target values.
for the throttle opening degree, fuel injection amount, and ignition timing for realizing the
required torque under the target A/F (step 112). Then, the ECU 40 controls the actuators
according to the determined target values (step 114).‘ The actuators, as referred to herein,
are the throttle valve 22, the TCV 24, the fuel injection valve 30, and the sparkplug 32.

[0069]  According 'to the above-described routine shown in FIG. 11, the tumble
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flow shape is changed between the usual tumble shape and the w tumble shape according
to the engine rotation speed by using'the TCV 24. With such control of the TCV 24, the
flow velocity close to the plug at the time of ignition in the lean burn operation region can
be maintained within the optimal ignition range, regardless of the value of the engine
rotation speed. Therefore, the ignition ability of the air-fuel mixture during lean burn
operation can be improved.

. [0070] With the tumble flow control method of the embodiment, the adjustment

amount of tumble ratio is reduced by comparison with the method by which the flow

velocity close to the plug is controlled by adjusting the tumble ratio without changing the

tumble flow shape. As a result, the ignition ability can be improved by controlling the
flow velocity‘close to the plug, without weakening much the turbulence of the in-cylinder
gas, the turbulence being important for combustion.

[0071] In the above-described Embodiment 1, the TCV opening degree is
controlled between the first TCV opening degree at which a tumble ratio is obtained which
is larger than the tumble ratio within the range suitable for generating the tumble flow with
the w tumble shape and the second TCV opening degree at which a tumble ratio is obtained
within the range suitable for generating the tumble flow with the w tumble shape in order
to control the genération and non-generation of the tumble flow with the o tumble shape
according to.the engine rotation speed in the lean bumn operation region. However,.the
TCV opening degree for non-generating the tumble flow with the o tumble shape may be a
predetermined TCV opening degree at which a tumble ratio is obtained which is less than
the tumble ratio within the range suitable for generating the tumble flow with the » tumble
shape, instead of the first TCV opening degree.

[0072] In the control of the routine shown in FIG. 11 of the above-descried
Embodiment 1, the flow velocity close to the plug at the time of ignition is controlled to
the optimal ignition range by controlling the TCV opening degree such as to obtain a target
TCV opening degree corresponding to the target value of the flow velocity close to the
plug within the target flow velocity range (optimal ignition range) in the lean burn

operation region. The following feedback control may be performed in addition to such a
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control. Thus, the flow velocity close to the plug can be measured, for example, on the
basis of a discharge voltage by providing a device for measuring the discharge voltage of
the ignition coil applied to the sparkplug 32. The flow velocity close to the plug may be
also estimate, for example, on the basis of combustion fluctuations estimated using the
crank angle sensor 42, or the like. Further, where the measured value deviates from the
target value of the flow velocity close to the plug during the operation of the internal
combustion engine 10, feedback control may be performed for adjusting the TCV opening
degree such as to fit the measured value of the flow velocity close to ’the plug into the
optimal ignition range. Further, where the abovementioned deviation occurs, feedback
control by which the A/F inside the cylinder or the ignition energy is adjusted may
performed instead of the feedback control of the TCV opening degree. In the case of the
A/F inside the cylinder, it is preferred that the A/F be controlled to the rich side in order to
improve the combustion, and when the ignition energy is controlled, it is preferred that the
ignition energy be increased for the same reason. The aforementioned types of feedback
control may be combined with any of the below-described embodime'nts.

[0073] | In the above-described first aspect of the invention, the "electronic control
unit" according to the one aspect of the invention is realized by executing the processing of
steps 108 to 114 with the ECU 40.

[0074] Embodiment 2 of the invention will be explained below with reference to
FIGS. 12A to 12C and 13. The system of the embodiment can be realized by using the
hardware configuration shown in FIG. 1 and executihg the below-described routine shown
in FIG. 13, instead of the routine shown in FIG. 11, in the ECU 40.

[0075]  FIGS. 12A to 12C serve to explain a method for controlling the flow

. velocity close to the plug at the time of ignition by controlling the generation and

non-generation of the tumble flow with the o tumble shape by changing the tumble ratio
with the TCV 24 in Embodiment 2 of the invention. With the method for controlling the
tumble flow in the embodiment, an engine rotation speed region in which the flow velocity
close to the plug is substantially constant with respect to changes in the engine rotation

speed is created such as to fit the flow velocity close to the plug into the optimal ignition
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range in the lean burn combustion region by controlling the generation and non-generation
of the tumble flow with the w tumble shape by using the TCV 24.

[0076]  More specifically, in a region on the low-rotation side (also referred to as
the first engine rotation speed region R1) with respect to the second engine rotation speed
NE2 in the lean burn operation region, the TCV opening degree is controlled to a third
TCV opening degree for generating the tumble flow with the usual tumble shape.‘ The
third TCV opening degree is an opening degree at which a tumble ratio is obtained close to
a boundary (the boundary, as referred to herein, is shown at the upper limit in the example
shown in FIGS. 12A to 12C) of the tumble ratio range suitable for generating the tumble
flow with the w tumble shape.

[0077]  As shown in FIG. 12C, in the engine rotation speed region (included in the
second engine rotation speed region R2) from the second engine rotation speed NE2 to the
third enginie rotation speed NE3 in the lean burn operation region, the TCV opening degree
is gradually increased from the third TCV opening degree to the fourth TCV opening
degree following the increase in the engine rotation speed. The tumble ratio, as shown in
FIG. 12B, gradually decreases, as the engine rotation speed increases, from a value close to
the abovementioned boundary so that the rotation angle of the in-cylinder gas in one stroke
approéches the optimal tumble ratio (the tumble ratio explained with reference to FIGS. 7A

«and 7B) in the tumble ratio range. As a result, in the engine rotation speed region (NE2 to
NE3), the tumble flow with the w tumble shape is generated, and the generated flow with
the o tumble shape is strengthened by the increase in the drift degrene__ of the vortex center
of the tumble flow that follows the increase in the engine rotation speed.

[0078] Where the tumble ratio is constant, the flow velocity close to the plug
increases monotonously as the engine rotation speed rises. Furfher, as the flow with the o
tumble shape is strengthened, the flow veiocity close to the plug at the time of ignition can
be reduced. Therefore, in the engine rotation speed region (NE2 to NE3), the TCV
opening degree is increased such as to cancel the action increasing the flow velocity close
to the plug as the engine rotation speed rises by the action deéreasing the flow velocity

close to the plug which results from the strengthening of the flow with the w tumble shape.
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As a consequence, the property of the flow velocity close to the plug being substantially
constant with respect to changes in the engine rotation speed can be obtained. In the case
shown in FIGS. 12A to 12C, in a region (this region is also referred to as the second engine
rotation speed region R2) on the high-rotation side with respect to the third engine rotation
speed NE3 in the lean burn operation region, since the TCV opening degree is fixed at the
fourth TCV opening degree, the flow velocity close to the plug increases monotonously as
the engine rotation speed rises.

[0079] FIG 13 is a flowchart of the control routine executed by the ECU 4‘0 for
realizing the specific control invEmbodiment 2 of the invention. In FIG. 13, steps same as
those shown in FIG. 11 relating to Embodiment 1 are assigned with the same reference
numerals and the explanation thereof is omitted or simplified.

[0080] In the routine showﬂ in FI‘G. 13, the ECU 40 determines the ignition
energy in step 106 and then determines whether or not the present engine rotation speed
NE is lower than the second engine rotation speed NE2 (step 200). The second engine
rotation speed NE2 is a threshold for changing the tumble flow shape according to the
engine rotation speed in the lean burn operation region.

[0081] Where a positive determination is made in step 200 (NE < NE2), the ECU
40 determines a flow velocity control value (target TCV opening degree) by using the third
TCV opening degree and also determines, according to a predetermined map or the like,
the target values of the throttle opening degree, fuel‘injection amount, and ignition timing
for realizing the required torque at the target A/F (step 202). Meanwhile, where a
negative determination is made in step 200, the ECU 40 then determines whether or not the
present engine rotation speed NE is equal to or higher than the second engine rotation
speed NE2 and lower than the third engine rotation speed NE3 (step 204).

[0082]  Where a positive determination is made in step 204 (NE2 =< NE < NE3),

" the ECU 40 then determines the flow velocity control value (in the embodiment, the target

TCV opening degree) such that the flow velocity close to the plug is substantially constant
with respect to changes in the engine rotation speed, and also determines, according to a

predetermined map or the like, the target values of the throttle opening degree, fuel
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injection amount, and ignition timing for realizing the required torque at the target A/F
(step 206). More specifically, the ECU 40 stores a map (not shown in the figure) in
which the TCV target opening degree such that the action increasing the flow velocity
close to the plug as the engine rotation speed rises can be canceled by the action decreasing
the flow velocity close to the plug, which results from the strengthening of the flow with
the o tumble shape, has been set in advance by tests, or the like, in relation to the engine

rotation speed in order to determine the target TCV opening degree that is to be used in the

lean burn operation region. In this step 206, the ECU 40 determines the target TCV

opening degree (flow velocity control value) corresponding to the present engine rotation
speed by referring to the map.

[0083] Meanwhile, where a negative determination is made in step' 204 (NE3 =
NE), the ECU 40 determines the flow velocity control value (target TCV opening degree)
by using the fourth TCV opening degree and determines, according to a predetermined
map, or the like, the target values of the throttle opening dcgfce, fuel inj ection amount, and
ignition timing for realizing the required torque at the target A/F (step 208).

[0084] With the above-described routine shown in FIG. 13, the flow velocity
close to the plug at the time of ignition in the engine rotation speed region in which the
lean burn operation is performed can be controlled to be substantially constant with respect
to changes in thé engine rotation speed by changing the.shape of the tumble flow between
the usual tumble shape and the w tumble shape according to the engine rotation speed by
using the TCV 24. As a result, the flow velocity close to the plug at the time of ignition
can be advantageously fit into the optimal ignition range.

[0085]  The flow velocity close to the plug within the optimal ignition range has
an optimal valﬁe at which the ignition lag is at the minimum. With the control method of
the embodiment, the flow velocity close to the plug can be easier controlled to obtain such
an optimal value than with the control method of Embodiment 1. Therefore, the lean
limit can be expanded while improving the ignition ability of the air-fuel mixfure during
lean burn operation.

[0086] In the above-described Embodiment 2, the TCV opening degree is
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controlled between the third TCV opening degree at which the tumble ratio close to the
boundary (upper limit) of the tumble ratio range suitable for generating the tumble flow
with the ® can be obtained and the fourth TCV opening degree at which the tumble ratio
within the range suitable for generating the tumble flow with the ® can be obtained in
order to obtain the property of the flow velocity close to the plug being substahtially

constant with respect to changes in the erigine rotation speed in the engine rotation speed

| region in which lean burn operation is performed. However, the TCV opening degree that

is used for such control may be a predet‘ermined TCV opening degree at which the tumble
ratio close to the boundary (lower limit) of the tumble ratio range suitable for generating
the tumble flow with the w tumble shape can be obtained, instead of the third TCV opening
degree. More specifically, in the engine rotation speed region in the lean burn operation
region, the TCV opening degree may be gradually decreased .from the predetermined TCV
opening degree toward the fourth TCV opening degree as the engine rotation speed
increases. As a cdnsequence, the tumble ratio gradually increases, as the engine rotation
speed increases, from a value close vto the abovementioned boundary so that the rotation
angle of the in-cylinder gas in one stroke approaches the optimal tumble ratio within the
tumble ratio range. As a result, with such an alternative method, in the engine rotation
speed region, the tumble flow with the w tumble shape is also generated, and the generated
flow with the o tumble shape is strengthened-by the increase in the drift degree of the
vortex center of the tumble flow that follows the increase in the engine rotation speed.

[0087] In the above-described Embodiment 2, the "electronic control unit"

. according to the first to fourth aspects of the invention is realized by executing the

processing of steps 200 to 208 and 114 with the ECU 40.

[0088] Embodiment 3 of the invention will be explained below with reference to
FIGS. 14 and 15. Initially, the system configuration will be explained. FIG. 14 is a
schematic configuration for explaining the system configuration of an internal combustion
engine 50 of Embodiment 3 of the invention. In FIG. 14, constituent elements same as
those shown in FIG. 1 are assigned with the same reference numerals and the explanation

thereof is omitted or simplified.
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[0089]  The internal combustion engine 50 of the embodiment is configured in the
same manner as the above-described internal combustion engine 10, except that the tumble
flow inside a cylinder can be generated by the shape of an intake port 52a of an intake
passage 52, without providing the TCV 24, and that an intake varjable valve device 54 is
provided. The intake variable valve device 54 has two cams of different profiles for
driving the intake valve 26 and can change the valve lift characteristic of the intake valve
26 in two stages by switching the cams. A valve device capable of switching in two
stages the valve lift characteristic is by itself available, and the explanation of the specific
configuration thereof is herein omitted.

[0(.)90']‘ FIG. 15 serves to explain the valve lift characteristic of the intake valve 26

that is changed by the intake variable valve device 54 shown in FIG. 14.  As shown in FIG.

.15, the intake variable valve device 54 switches a valve lift characteristic between a valve

lift characteristic of a typical shape that is shown by a broken line and a valve lift
characteristic (shown by a solid line) in which the period of time in which the valve lift

amount has a maximum is longer than that of the valve lift characteristic shown by the

" broken line.

[0091] The specific portion Qf the control performed in Embodiment 3 is
explained below. FIGS. 16A and 16B serve to explain a change in gas flow inside a
cylinder that follows the switching of the.valve lift characferistic shown in FIG. 15. FIGS. -
16A and 16B represent a period close to a timing (middle period of intake stroke) at which
the speed of the piston 12 in the intake stroke has a maximum, and the intake gas flows
into the cylinder in a state with a large flow rate because of a largé valve lift amount of the
intake valve 26.

[0092]  When a valve lift characteristic with a long valve lift maximum period of
time is selected, as shown in FIG. 16A, the intake gas flows into the cylinder in a dispersed
state, without forming a large mass, close to the timing at which the intake gas flows in in a
state with a large flow rate. Meanwhile, when a valve lift characteristic with a short valve
lift maximum period of time is selected, as shown in FIG. 16B, the intake gas flows into

the cylinder as a large concentrated mass close to the abovementioned timing. Thus, the
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intake variable valve device 54 that can change the period of time in which the valve lift
has a maximum is an actuator affecting the gas flow inside the cylinder.

[0093] By extending the valve lift maximum period of time and dispersing the
intake gas mass, it is possible to. sﬁppress the drift of the vortex cen'fer of the tumble flow
with respect to the volume center of the combustion chamber 14 in the latter half of the
compression stroke. As a result, the generation of the flow with the @ tumblé shape is
suppressed and the tumble flow with the usual tumble shape is generated, thereby making
it possible to increase the flow velocity close to the plug at the time of ignition.
Meanwhile, by shortening the valve lift maximum period of time and concentrating the
intake gas mass, it is possible to generate the shift of the vortex center of the tumble flow.
As a result, the tumble flow with the w tumble shape is generated and, therefore, the flow
vclbcity close to the plug is reduced by comparison with that when the tumble flow with
the usual tumble shape is generated. In order to generate effectively the tumble flow with
the o tumble shape when the valve lift maximum period of time is shortened by control, it
is preferred that the intake port 52a provided in the internal combustion engine 50 be
configured such as to obtain a tumble ratio (tumbié ratio explained with reference to FIGS.
7A and 7B) suitable for generating the tumble flow with the o tumble shape.

[0094]  Accordingly, in the embodiment, the tumble flow shape is switched
between the usual tumble shape and the w tumble shape by changing the valve lift
maximum period of time of the intake valve 26 according to the engine rotation speed by
using the intake variable valve device 54 in the lean burn operation region. More
speciﬁcally, in the region on the low-rotation side within the lean burn operation region
(also referred to as the first engine rotation speed region R1), the valve lift characteristic
with a long valve lift maximum period of time is selected, and in the region on the
high-rotation side (also referred to as the second engine rotation speed region R2), the
valve lift characteristic with a short valve lift maximum period of time is selected.

[0095] A concrete example of the specific control performed in Embodiment 3 is
explained below. FIGS. 17A and 17B serve to explain a method for controlling the flow

velocity close to the plug at the time of ignition by controlling the generation and
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non-generation of the tumble flow with the o flow shape by switching the valve lift
maximum period of time with the intake variable valve device 54.

[0096]  As shown in FIGS. 17A and 17B, when the valve lift characteristic with a
long valve lift maximum period of time is used continuously, irrespectively of the engine
rotation épeed, the flow velocity closé to the plug deviates from the optimal ignition range
within the region on the high-rotation side in the lean burn operation region due to the
increase in the gas flow velocity that follows the increase in the engine rotation speed.
Likewise, when the valve lift characteristic with a short valve lift maximum period of time
is used continuously, the flow velocity close to the plug deviates from the optimal ignition
range within the region on the low-rotation side.

[0097] In the case shown in FIGS. 17A and 17B, in the region R1 on the
low-rotation side in the lean burn operation region, the tumble flow with the usual tumble
shape can be used and the flow velocity close to the plug can be fit iﬁio the optimal
ignition range by using the valve lift characteristic with a long valve lift maximum period
of time. Accordingly, in the embodiment, while the valve lift characteristic with a long
valve lift maximum period of time is used continuously, in the engine rotation speed region
R1 which is Jower than the fourth engine rotation speed NE4 that reaches the upper limit of
the optimal ignition range, the valve lift characteristic with a long valve lift maximum
period of time is selected. |

[0098]  Meanwhile, in the engine rotation speed region R2 which is equal to or
higher than the fourth engine rotation speed NE4, the valve lift characteristic with a short
péribd of time with a maximum valve lift is selected. Asa fcsult, the flow velocity close
to the plug can be reduced in the vicinity of the fourth engine rotation speed NE4 at which
the tumble flow shape is changed, as shown in FIG. 17A, by generating the tumble flow
with the w tumble shape. By so changing the tumble flow shape according to the engine
rotation speed, it is possible to maintain the flow velocity close to the plug at the time of
ignition in the lean burn operation region within the optimal ignition range. During
switching of the valve lift characteristic, the opening degree of the throttle valve 22 is

adjusted to cancel changes in the intake air amount.
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[0099]  Further, with the method shown in FIGS. 17A and 17B, in the region R2
on the high-rotation side with respect to the fourth engine rotation speed NE4, a single
valve lift characteristic with a short period of time with a maximum valve lift is used.
However, instead of the above-described method, it is also possible to change the period of
time with a maximum valve lift in the lean burn operation region continuously according to
the engine rotation speed by using a variéble valve device of an electromagnetic drive
system or a system in which the cam is driven with an electric motor in order to drive the
intake valve 26. Thus, with such a inethod, the flow veldcity close to the plug may be
better controlled to obtain the desired value of the flow velocity close to the plug during
lean burn operation.

{0100} FIG. 18 is a flowchart of a control routine executed by the ECU 40 for
realizing the specific control of Embodiment 3 of the invention. In FIG. 18, steps same as
those in FIG. 11 relating to Embodiment 1 are assigned with the same reference numerals
and the explanation thereof is herein omitted or simplified.

[0101] In the routine shown in. FIG. 18, the ECU 40 determines the ignition
energy in step 106 and then determines whether or not the present engine rotation speed
NE is lower than the fourth engine rotation speed NE4 (step 300). As mentioned
hereinabove, the fourth engine rotation speed NE4 is a threshold for changing the tumble
flow shape according to the engine rotation speed in the lean burn operation region. ...

[0102] Where a positive determination is made in step 300 (NE < NE4), the ECU
40 selects the cam providing for the valve lift characteristic with a long period of time with
a maximum valve lift as a flow velocity control value (target valve lift characteristic), and
determines, accordjng a predetermined map or the like, the target values of throttle opening
degree, fuel injection amount, and ignition timing for realizing the required torque at the
target A/F (step 302). Meanwhile, where a negative determination is made in step 300
(NE = NE4), the ECU 40 selects the cam providing for the valve lift characteristic with a
short period of time with a maximum valve lift as a flow velocity control value (target
valve lift characteristic), and determines, according a predetermined map or the like, the

target values of throttle opening degree, fuel injection amount, and ignition timing for
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realizing the required torque at the target A/F (step 304). Then, the ECU 40 controls the
actuators (throttle valve 22, fuel injection valve 30, Sparkplug 32, and intake varjable valve
device 54) according to the respective determined target values (step 306).

[0103] With the above-described routine shown in FIG. 18, the flow velocity
close to the plug at the time of ignition in the lean burn operation region can be maintained
within the optimal ignition range, regardless of the engine rotation speed value, by
changing the tumble flow shape between the usual tumble shape and the @ tumble shape
according to the engine rotation speed by using the intake variable valve device 54 capable
of switching the period of time with a maximum valve lift. Further, with the method for
controlliﬁg the tumble flow of the embodiment, the presence/absence of the drift of the
vortex center of tumble flow (tumble shape) can be controlled without relying on the
control of the tumble ratio itself (that is, without weakening the turbulence of in-cylinder
gas which is important for combustion). Therefore, the ignition ability of the air-fuel
mixture during lean burn operation can be improved while ensuring the expansion of a lean
limit (improving fuel efficiency).

[0104] In the above-described Embodimeﬁt 3, the "electronic control uhit"
according to the first to fourth aspects of the invention is realized by executing the
processing of steps 300 to 306 with the ECU 40.

[0105] Embodiment 4 of the invention will be explained below with reference to
FIGS. 19 to 23. Initially, the system configuration is explained. FIG. 19 is a schematic
diagram for explaining the system configuration of an internal combustion engine 60 of
Embddiment 4 of the invention. In FIG. 19, constituent elements same as those shown in
FIG. 1 are assigned with the same reference numerals and the explanation thereof is herein
omitted or simplified. |

[0106] The internal combustion engine 60 of the embodiment is configured in the
same manner as the above-described internal combustion engine 10, except that the tumble
flow inside a cylinder can be generated by the shape of an intake port 62a of an intake
passage 62, without providing the TCV 24, and that an intake variable valve device 64 and

a valve mask 66 are provided. The intake variable valve device 64 can chaiige
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continuously the lift amount of‘the intake valve 26. A variable valve device having such
a function is by itself available, and the explanation of the specific configuration thereof is
herein omitted.

[0107] FIG. 20 serves to explain the detailed configuration of the valve mask 66
shown in FIG. 19. FIG. 20 is a view of the combustion chamber 14 taken from below the
cylinder. The yalve mask 66 is formed on the wall surface of the combustion chamber 14
as a protrusion surrounding the outlet of the intake port 62a, except for a zone on the
central side of the combustion chamber 14 (that is, a zone close to the sparkplug 32), for
each of the two intake ports 62a provided in each cylinder.

[0108]  The specific portion of the control performed 'in Embodiment 4 is
explained below. | FIG. 21 is a cross-sectional view of the configuration around the intake
port 62a, this view being taken along the A-A line shown in FIG. 20. As a result of
providing the valve mask 66 formed in the above-described manner, as shown in FIG. 21,
the intake gas flowing in from the 'intake port 62a is unlikely to flow toward the zone
where the valve mask 66 is provided because of a narrow gap, but easily flows to the zone

on the central side of the combustion chamber 14 where the valve mask 66 is not provided.

For this reason, the intake gas flowing in from the intake port 62a can be collected on the

central side of the combustion chamber 14, as shown by an arrow in FIG. 20. Such a
trend is demonstrated more remarkably as the lift amount }of the intake valve 26 decreases,
since the effect of the valve mask 66 increases. Therefore, where the lift amount of the
intake valve 26 is decreased, the intake gas flowing in from the intake port 62a is more
actively collected at the central side of the combuétion chamber 14. Thus, the
combination o‘f the valve mask 66 and the intake variable valve device 64 capable of
changing the lift amount of the intake valve 26 constitutes a device affecting the gas flow
in the cylinder.

| [0109] In the internal combustion engine 60 of the above-described configuration,
the drift of the vortex center of the tumble flow with respect to the volume center of the
combustion chamber 14 in the latter half of the compression stroke can be suppressed by

increasing the lift amount of the intake valve 26 and preventing the intake gas flowing in



10

15

20

25

WO 2015/033198 PCT/IB2014/001647

36

from the intake port 62a from drifting too much to the central side of the combustion

‘chamber 14. As a result, the generation of the tumble flow with the o tumble shape is

suppressed and the tumble flow with the usual tumble shape is generated, and therefore the
flow velocity close to the plug at the time of ignition can be increased. Meanwhile, the
drift of the vortex center of the tumble flow can be induced by decreasing the lift amount
of the intake valve 26 and increasing the ratio of the flow rate of the intake gas toward the
zone on the central side of the combustioﬁ chamber 14. As a result, the tumble flow with
the o tumble shape is generated, and therefore the flow velocity close to the plug can be
reduced by comparison with that when the tumble flow with the usual tumble éhape is
generated. Further, with such a configuration of the embodiment, the generation and
non-generation of the tumble flow with the w tumble shape can be controlled by using the
fact that the directivity of the intake gas, which is determined by the valve mask 66,
changes according to the lift amount of the intake valve 26, and increasing or decreasing
the ratio of the ﬂbw rate of the intake gas toward zone on.the central size of the
combustion chamber 14. In order to generate effectively the tumble flow with the w
tumble shape when performing control by reducing the 11;ft amount of the intake valve 26,
it is preferred that the intake port 62a provided in the internal combustion engine 60 be
configured such that a tumble ratio suitable for generating the tumble flow with the w
tumble shape could be obtained (the tumble ratio explained with reference to FIGS. 7A and
7B).

- [0110] Accordingly, in the embodiment, the tumble flow shape is changed

- between the usual tumble shape and the w tumble shape by providing the valve mask 66

formed in the above-described manner, and also by changing the lift amount of the intake
valve 26 according to the engine rotation speed by using the intake variable valve device
64 in the lean burn operation region. More specifically, in the region on a low-rotation
éide within the lean burn operation region (also referred to as the first engine rotation speed
region R1), a first lift amount‘(for example, a maximum lift amount) is selected as the lift

amount of the intake valve 26, and in the region on a high-rotation side (also referred to as

~ the second engine rotation speed region R2), a second lift amount, which is less than the
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first lift amount, is selected as the lift amount of the intake valve 26.
| [0111] A concrete example of the specific control performed in Embodiment 4 is

ekplained below. FIGS. 22A to 22B serve to explain a method for controlling the flow
velocity close to the plug at the time of ignition by controlling the generation and
non-generation of the tumble flow with the w tumble shape by the valve fnask 66 and by
changing the lift amount of the intake valve 26 with the intake variable valve device 64.

[0112] .~ As shown in FIGS. 22A and 22B, where a large first lift amount is used
continuously, regardléss of the engine rotation speed, the flow velocity close to the pldg
deviates from the optimal ignition range in the region R2 on the high-rotation side in the
lean burn operation region due to the increase in the gas flow velocity that follows.: the
increase in.the engine rotation speed. Likewise, where a small second lift amount is
continuously used, the flow velocity close to the plug deviates from the, optimal ignition
range in the region R1 on the low-rotation side.

[0113] In the case shown in FIGS. 22A and 22B, in the region R1 on the

low-rotation side in the lean burn operation region, the tumble flow with the usual tumble

“shape can be used and the flow velocity close to the plug can be fit into the optimal

ignition range by using the first lift amount. Accordingly, in the embodiment, while a

-~ large first lift amount is continuously used, in the engine rotation speed region R1, which is

lower than a fifth engine rotation speed NES that reaches the upper limit of the optimal
ignition range, the first lift amount is selected.

[0114] Meanwhile, in the high engine rotation speed R2, which is equal to or
higher than the fifth engine rotation speed NES, a small second lift amount is selected.
As a result, the flow velocity close to the plug can be reduced in the vicinity of the fifth
engine rotation speed NE5 at which the tumble flow shape is changed, as shown in FIG.

22A, by generating the tumble flow with the w tumble shape. By so changing the tumble

flow shape according to the engine rotation speed, it is possible to maintain the flow

velocity close to the plug at the time of ignition in the lean burn operation region within the

optimal ignition range. During switching of the valve lift characteristic, the opening

.degree of the throttle valve 22 is adjusted to cancel changes in the intake air amount.
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[0115] Further, with the method shown in FIGS. 22A and 22B, in the region R2
on the high-rotation side with respect to the fifth engine rotation speed NE5, a single valve
lift | characteristic with a small lift amount is used. However, instead of the
above-described method, it is also possible to change the lift amount of the intake valve 26
continuously according to the engine rotation speed. Thus, with such a method, the flow
velocity close to the plug may be better controlled fo obtain the desired value of the flow
velocity close to the plug during lean burn operation.

[0116]  FIG. 23 is a flowchart of a control routine executed by the ECU 40 for
realizing the specific control of Embodiment 4 of the invention. In FIG. 23, steps same as
those in FIG. 18 relating to Efnbodir‘nent 3 are assigned with the same reference numerals
and the explanation thereof is herein omitted or simplified.

[0117] In the routine shown in FIG. 23, the ECU 40 determines the ignition

energy in step 106 and then determines whether or not the present engine rotation speed

.NE is lower than the fifth engine rotation speed NES5 (step 400). As mentioned

hereinabove, the fifth engine rotation speed NES is a threshold for changing the tumble
flow shape according to the engine rotation speed in the lean burn operation region.

[0118]  Where a positive determination is made in step 400 (NE < NES5), the ECU
40 selects the first lift amount at which a large lift amount is obtained as a flow velocity
control value (target lift amount), and determines,.according a predetermined map or the
like, the target values of throttle opening degree, fuel injection amount, and ignition timing
for realizing the required torque at the target A/F (step 402). Meanwhile, where a
negative determination is made in step 400 (NE = NES), the ECU 40 selects the second lift
amount at which a small lift amount is obtained as a flow velocity control value (target lift
amount), and determines, according a predetermined map or the like, the target values of
throttle opening degree, fuel injection amount, and ignition timing for realizing the
required torque at the target A/F (step 404). Then, the ECU 40 controls the actuators
(throttle valve 22, fuel injection valve 30, sparkplug 32, and intake variable valve device
64) according to the respective determined target values (step 406).

[0119] With the above-described routine shown in FIG. 23, the flow velocity
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close to the plug at the time of ignitionAin the lean burn operation region can be maintained
within the optimal ignition range, regardless of the value of the engine rotation speed, by
changing the tumble flow shape between the usual tumble shape and the ® tumble shape
according to the engine rotation speed by using the combination of the valve mask 66 and
the control of the lift amount of the intake valve 26. Further, with the method for
controlling the tumble flow of the embodiment, the presence/absence of the drift of the
vortex center of tumble flow (tumble shape) can be controlled without relying on fhc
control of the tumble ratio itself b(that is, without weakening the turbulence of in-cylinder
gas which is important fbr- combustion). Therefore, the ignition ability of the air-fuel
mixture during lean burn operation can be improved while ensuring the expansion of a lean
limit (improving fuel efficiency).

[0120] In the above-described Embodiment 4, the "electronic control unit"

“according to the first to sixth aspects of the invention is realized by executing the

processing of steps 400 to 406 with the ECU 40.

[0121] Embodiment 5 of the invention will be described‘ below with reference to
FIGS. 24 to 27. [Explanation of System Configuration] FIG. 24 is a schematic diagram
for explaining the detailed configuration of the valve mask 72 provided in an internal
combustion engine 70 of Embodiment 5 of the invention.

[0122] The internal combustion engine 70 of the embodiment is configured in the
same manner as the above-described internal combustion engine 60, except that a valve

mask 72 is provided instead of the valve mask 66. The valve mask 72 in the embodiment

is formed as a protrusion surrounding an outlet of the intake port 62a on the wall surface of

the combustion chamber 14 only in a zone on the central side of the combustion chamber
14 (zone close to the sparkplug 32) for each of the two intake ports 62a provided in each
cylinder. |

[0123] - The specific portion of the control performed in Embodiment 5 will be
explained below. FIG. 25 is a cross-sectional view of the configuration around the intake

port 62a this view being taken along the B-B line shown in FIG. 24. As a result of

providing the valve mask 72 formed in the above-described manner, as shown in FIG. 25, |
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the intake gas flowing in from the intake port 62a is unlikely to flow toward the zone on
the central side of the combustion chamber 14 where the valve mask 72 is provided
because of a narrow gap, but easily flows to fhe remaining zone where the valve mask 72 is
not provided. Such a trend is demonstrated more remarkably as the lift amount of the |
intake valve 26 decreases since the effect of the valve mask 72 increases. In other words,
by increasing the lift amount of the intake valve 26, it is possible to increase the ratio of the
flow rate of the intake gas toward the central side of the combustion chamber 14 in the
intake gas flowing from the intake port 62a by comparison with the case in which the lift
amount of the intake valve 26 is relatively small.

[0124] In the internal combustion engine 70 of the above-described configuration,
the drift of the vortex center of the tumble flow with respect to the volume center of the
combustion chamber 14 in the latter half of the compression stroke can be suppressed by
decreasing the lift amount of the intake valve 26 and preventing the intake gas flowing in
from the intake port 62a from drifting too much to the central side of the combustion
chamber 14. As a result, the generation of the tumble flow with the o tumble shape is
suppressed and the tumble flow with the usual tumble shape is generated, and therefore the
flow velocity close to the plug at the time of ignition can be increased. Meanwhile, the
drift of the vortex center 6f the tumble flow can be induced by increasing the lift amount of
the intake valve 26 and increasing.the ratio of the flow rate of the intake gas toward the
zone on the central side of the combustion chamber 14.  As a result, the tumble flow with
the o tumble shape is generated, and therefore the flow velocity close to the plug can be
reduced by comparison with that when the tumble flow with the usual tumble shape is
generated. Further, according to the configuration of the embodiment, the generation and
non-generation of the tumble flow with the w tumble shape can be also controlled by using
the fact that the directivity of the intake gas, which is determined by the valvé mask 72,
changes according to the lift amount of the intake valve 26, and increasing or decreasing
the ratio of the flow rate of the intake gas toward zone on the central size of the
combustion chamber 14. In order to generate effectively the tumble flow with the w

tumble shape when performing control by increasing the lift amount of the intake valve 26,
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it is preferred that the intake port 62a provided in the internal combustion engine 70 be

configured such that a tumble ratio suitable for generating the tumble flow with the w

tumble shape could be obtained (the tumble ratio explained with reference to FIGS. 7A'and -

7B).

[0125]  Accordingly, in the embodiment, the tumble flow shape is changed
between the usual tumble shape and the w tumble shape by providing the valve mask 72
formed in the above-described manner, and also by changing the lift am‘ouﬁt of the intake
valve 26 according to the engine rotation speed by using the intake variable valve device
64 in the lean burnv operation region. More specifically, in the region on a low-rotation

side within the lean burn operation region (also referred to as the first engine rotation speed

region R1), a third lift amount is selected as the lift amount of the intake valve 26, and in

the region on a high-rotation side (also referred to as the second engine rotation speed
region R2), a fourth lift amount (for example, a maximum lift amount); which is larger
than the third lift amount, is selected as the lift amount of the intake valve 26.

[0126] A concrete example of the specific coﬁtroi performed in Embodiment 5 is
explained below. FIGS. 26A to 26B serve to explain a method for controlling the flow
velocity close to the plug at the time of ignition by controlling the generation and
non-generation of the tumble flow with the w tumble shape by the valve mask 72 and by
changing the lift amount of the intake valve 26 with the intake variable valve device 64.

[0127] As shown in FIGS. 26A and 26B, where a small third lift amount is used
continuously, regardless of the engine rotation speed, the flow velocity close to the plug
deviates from the optimal ignition range in the region R2 on the high-rotation side in the
lean burn operation region due to the increase in the gas flow velocity that follows the
increase in the engine rotation speed. Likewise, where a large fourth lift amount is
continuously used, the flow velocity close to the plug deviates from the optimal ignition
range in the region on the low-rotation side.

[0128] In the case shown in FIGS. 26A and 26B, in .the region R1 on the
low-rotation side in the lean burn operation region, the tumble flow with the usual tumble

shape can be used and the flow velocity close to the plug can be fit into the optimal
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ignition range by using the third lift amount. Accordingly, in the embodiment, while a
small third lift amount is continuously used, in the engine rotation speed region R1, which
is lower than a sixth engine rotation speed NEG6 that reaches the upper limit of the optimal
ignition range, the third lift ainoun't is selected.

[0129]  Meanwhile, in the high engine rotation speed R2, which is equal to or
higher than the sixth engine rotation speed NE6, a large fourth lift amount is selected. As
a result, the flow velocity close to the plug can be reduced in the vicinity of the sixth
eﬁgine rotation speed NE6 at which the tumble flow shape is changed, as shown in FIG.
26A, by generating the tumble flow with the o tumble shape. By so changing the tumble
flow shape according to the engine rotation speed, it is possible to maintain the flow
velocity close to the plug at the time of ignition in the lean burn operation region within the
optimal ignition range. During switching of the valve lift characteristic, the opening
degree of the throttle valve 22 is adjusted to cancel changes in the intake air amount.

[0130] Further, with the method shown in FIGS. 26A and 26B, in the region R2

on the high-rotation side with respect to the sixth engine rotation speed NE6, a single valve

lift characteristic with a large lift amount is used.  However, instead of the

above-described method, it is also possible to change the lift amount of the intake valve 26
continuously according to the engine rotation speed. Thus, with sgch a method, the flow
velocity close to the plug may be better controlled to obtain the desired value of the flow
velocity close to the plug during lean burn operation. .

[0131]  FIG. 27 is a flowchart of a control routine executed by the ECU 40 for
realizing the specific control of Embodiment 5 of the invention. In FIG. 27, steps same as
those in FIG. 23 relating to Embodiment 4 are assigned with the same reference numerals
and the explanation thereof is herein omitted or simplified.

[0132] In the routine shown in FIG. 27, the ECU 40 determines the ignition
energy in step 106 and then determines whether or not the present engine rotation speed
NE is lower than the sixth engine rotation speed NE6 (step 500). As mentioned

hereinabove, the sixth engine rotation speed NEG6 is a-threshold for changing the tumble

flow shape according to the engine rotation speed in the lean burn operation region.
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[0133] Where a positive deten‘n'ination is made in step 500 (NE < NEG6), the ECU
40 selects the third lift amount at which a small lift amount is obtained as a flow velocity
control value (target lift amount), and determines, according a predetermined map or the
like, the target values of throttle opening degree, fuel injection amount, and ignition timing
for realizing the required torque at the vtarget A/F (step 502). Meanwhile, where a
negative determination is made in step S00 (NE = NE6), the ECU 40 selects the fourth lift
amount at which a large lift amount is obtained as a flow velocity control value (target lift

amount), and determines, according a predetermined map or the like, the target values of

.throttle opening degree, fuel injection amount, and ignition timing for realizing the

required torque at the target A/F (step 504).

[0134] With the above-described routine shown in FIG. 27, the flow velocity
close to the plug at the time of ignition in the lean burn operation region also can be
maintained within the optimal ignition range, regardless of the value of the engine rotation
speed, by changing the tumble ﬂow shape between the usual tumble shépe and the w
tumble shape according to the engine rotation speed by using the combination of the valve
mask 72 and the control of the lift amount of the intake valve 26. Further, with the
method for'controlling the tumble flow of the embodiment, the presence/absence of the
drift of the vortex center of tumble flow (tumble shape) can be controlled without relying
on the control of the tumble ratio itself (that is, without weakening the turbulence of
in-cylinder gas which is important for combustion). Therefore, the ignition ability of the
air-fuel mixture during lean burn operation can be improved while ensuring the expansion
of a lean limit (improving fuel efficiency).

[0135] In the above-described Embodimént 5, the "electronic control unit"
according to the first to fifth and also seventh aspects of the invention is realized by
executing the processing of steps 500 to 504 and 406 with the ECU 40.

[0136] In the above-described Embodiments 1 to 5, the coﬁtrol is explained by
which the flow velocity close to the plug at the time of ignition in the lean burn operation
region is fitted into the optimal ignition range by changing the tumble flow shape between

the usual tumble shape and the w tumble shape according to the engine rotation speed.’
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'However, the tumble flow control in accordance with the invention is not limited to

changing the tumble flow shape between the usual tumble shape and the @ tumble shape

according to the engine rotation speed so as to fit the flow velocity close to the plug at the

~ time of ignition in the lean bumn operation region into the optimal ignition range. Thus,

the tumble flow control in accordance with the invention may involve simply changing the

‘tumble flow shape between the usual tumble shape and the o tumble shape according to

the engine rotation speed, without including the feature of actively controlling the flow
velocity close to the plug to within the optimal ignition range. More specifically, as has
already been descried .in the embodiments,v changing the tumble flow shape between the
usual fumble shape and the w tumble shape according to the engine rotation speed in a
certain engine rotation speed region demonstrates the effect of suppressing a change of the
flow velocity close to the plug at the time of ignition in this engine rotation speed region
by comparison with the case in which the tumble shape is not chahged._ Therefore, by
providing only the feature of changing the tumble flow shape between the usual tumble
shape and the w tumble shape according to the engine rotation speed, it is poséible to
provide a controller for an internal combustion engine that contributes to the improvement |
of ignition ability of the air-fuel mixture during lean burn operation which is performed
unde.r the condition of a low fuel coﬁcentration in the air-fuel mixture. .

[0137]  In the case in which the reversal timing of the gas flow direction around
the sparkplug 32 at the time of generation of the tumble flow with the w tumble shape is
after the setting range of the ignition timing during the lean burn operation, as is presumed
in the above-described Embodiments 1 to 5, the increase in the drift degree of the vortex
center of the tumble flow and the strengthening of the flow with the w tumble shape result
in a decreased flow velocity close to the plug at the time of ignition. By contrast, in the
case in which the reversal timing of the gas flow direction is before the setting range of the
ignition timing during the lean burn operation, the strengthening of the flow with the ®
tumble shape acts to increase the flow velocity close to the plug at the time of ignitioh.
However, the gas flow direction in this case is reversed. In the invention, the feature of

changing the tumble flow shape between the usual tumble shape - (also referred to as the
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first tumble shape) and the w tumble shape (also referred to as the second tumble shape)
according to the engine rotation speed may be also used in an internal combustion engine

is which the latter case is assumed.
| [0138]  Further, in the above-described Embodiments 1 to 5, the internal
5 combustion engine 10 equipped with two intake valves 26 per one cylinder is explained by
way of example, but the invention may be also applied to an internal combustion engine
éonfigured to have two or more intake valves per one cylinder, provided that an intake

valve and an exhaust valve are disposed such that a sparkplug is interposed therebetween.
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CLAIMS.:

1. A controller for an internal combustion engine, the internal combustion engine
including:

a combustion chamber; and

a sparkplug disposed in the vicinity of a center portion of an upper wall surface of the
combustion chamber, the sparkplug being configured to ignite air-fuel mixture, wherein

tumble flow is generated inside a cylinder of the combustion chamber during lean
burn operation,

the controller comprising:

an electronic control unit configured td change a shape of the tumble flow between a
first tumble shape and a second tumble shape according to an engine rotation speed, the
first tumble shape being provided such that flow direction of gas around the sparkplug at
the time of ignition of the internal combustion engine is direction from an intake valve side
toward an exhaust valve side in a latter half of compression stroke, and the second tumble
shape being provided such that the flow direction of the gas is reversed in the latter half of
the compression stroke from the direction from the intake valve side toward the exhaust
valve side to direction from the exhaust valve side toward the intake valve side due to
change to the tumble flow having two swirling flow components with mutually opposite
rotatidn directions, as viewed from above the combustion chamber, in a pfocess in which

an in-cylinder gas is compressed in the compression stroke.

2. The controller according to claim 1, wherein
the electronic control unit is configured to control gas flow velocity around the sparkplug
at the time of ignition to within a predetermined flow velociiy range by changing the shape
of the tumble flow between the first tumble shape and the second tumble shape according

to the engine rotation speed.

3. The controller according to claim 1 or 2, wherein
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the electronic control unit is configured to change the shape of the tumble flow to the
first tumble shape in a first engine rotation speed region, and

the electronic control unit is configured to change the shape of the tumble flow to the
second tumble shape in a second eﬁgine rotation speed region, the second engine rotation
speed region being an engine rotation speed region higher than the first engine rotation

speed region.

4. The controller according to any one of claims 1 through 3, wherein

the electronic control unit is configured to change the shape of the tumble flow to the
second tumble shape by increasing a drift of a vortex center of the tumble flow in the
vicinity of a cross section passing through a cylinder bore center of the combustion
chamber in intake-exhaust direction in the latter half of the compression stroke of the

internal combustion engine with respect to a volume center of the combustion chamber.

5. The controller according to claim 4, wherein
the electronic control unit is configured to increase the drift with respect to the
volume center of the combustion chamber as the engine rotation speed is high, when the

second tumble shape is generated in a second engine rotation speed region.

- 6. The controller according to any one of claims 1 through 5, wherein
the electronic control unit is configured to change the shape of the tumble flow to the
second tumble shape by increasing a ratio of flow rate of intake gas from an intake port
toward a center portion of the combustion chamber in the flow rate of the intake gas

flowing into the combustion chamber in an intake stroke of the internal combustion engine.

7. The controller according to claim 6, wherein
the internal combustion engine is provided with an intake variable valve device, the
intake variable valve device is configured to change a lift amount of the intake valve,

a protrusion is provided on a wall surface of the combustion chamber so as to
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surround an outlet of the intake port, except a zone on central side of the combustion
chamber, and

the electronic control unit is configured to control the intake variable valve device so
that when the engine rotation speed is high, the lift amount of the intake valve is less

compared with the lift amount of the intake valve when the engine rotation speed is low.

8. The controller according to claim 7, wherein

the electronic control unit is configured to control the intake variable valve device so
that when the engine rotation speed is high, the lift amount of the intake valve is a(
predetermined lift amount less compared with the lift amount of the intake valve when the

engine rotation speed is low.

9. The controller according to claim 7, wherein

the electronic control unit is configured to control the intake variable valve device so
that when the engine rotation speed is high, the lift amount of the intake valve continuously
decreases to a lift amount less compared with the lift amount of the intake vélve when the

engine rotation speed is low, as the engine rotation speed increases.

10. The controller according to claim 6, wherein

the internal combustion engine is provided with an intake variable vélve device, the
intake variable valve device is cbnfigured to change a lift amount of the intake valve,

a protrusion is provided on a wall surface of the combustion chamber so as to
surround an outlet of the intake port in a zone on central side of the combustion chamber,
and

the electronic control unit is configured to control the intake variable valve device so
that when the engine rotation speed is high, the lift amount of the intake valve is larger

compéred with the lift amount of the intake valve when the engine rotation speed is low.

11. The controller according to claim 10, wherein
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the electronic control unit is configured to control the intake variable valve device so
that when the engine rotation speed is high, the lift amount of the intake valve is a
predetermined lift amount that is larger compared with the lift amount of the intake valve

when the engine rotation speed is low.

12. The controller according to claim 10, wherein

the electronic control unit is configured to control the intake variable valve device so
that when the engine rotation speed is high, the lift amount of the intake valve continuously
increases to a lift amount larger compared with the lift amount of the intake valve when the

engine rotation speed is low, as the engine rotation speed increases.

13. The controllelr according to any oné of claims 1 to 5, wherein

the second tumble shape is generated when a reversal timing of the gas flow direction
is after the ignition timing of the sparkplug,

the internal combustion engine is provided with an intake variable valve device, the
intake variable valve device being configured to change a time period with a maximum
valve lift among.the lift amounts of the intake valve; and

the electronic control unit is configured to control the intake variable valve device so
that when the engine rotation speed is high, the time period with the maximum valve lift is
shorter compared with the time period with the maximum valve lift when the engine

rotation speed is low.

14. The controller according to claim 13, wherein

the electronic control unit is configured to control the intake variable valve device so
that when the engine rotation speed is high, the time period with the maximum valve lift is
a predetermined period of time that is shorter compared with the time period with the

maximum valve lift when the engine rotation speed is low.

15. The controller according to claim 13, wherein
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the electronic control unit is configured to control the intake variable valve device so
that when the engine rotation speed is high, the time period with the maximum valve lift
continuously decreases to a period of time that is shorter compared with the time period

with the maximum valve lift when the engine rotation speed is low, as the engine rotation

speed increases.
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