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Description

Title of Invention: LEAN-BURN ENGINE
Field

The present application relates to a lean-burn engine, and more particularly to the
lean-burn engine equipped with a turbocharger.
Background

PTL 1 as follows discloses enhancing a response of a turbocharger by increasing
exhaust blowdown energy by advancing an opening timing of an exhaust valve by a
variable valve timing mechanism at an acceleration transition time in a low-to-medium

speed region and a low load region in an engine equipped with the turbocharger.
Citation List

Patent Literature

PTL 1: Japanese Patent Laid-Open No. 2004-183510
PTL 2: Japanese Patent Laid-Open No. 2000-345889
Summary

Technical Problem

Enhancing the response of the turbocharger is a problem that also applies to a lean-
burn engine. Consequently, the method of the above described prior art that increases
the exhaust blowdown energy by advancing the opening timing of the exhaust valve is
one of the methods that are desired to be applied to the lean-burn engine.

However, combustion with a lean air-fuel ratio that is leaner than a theoretical air-
fuel ratio, which is a characteristic of the lean-burn engine is lower in robustness as
compared with combustion with the theoretical air-fuel ratio. Therefore, when any one
of parameters relating to the combustion is changed, complicated control is required in
order to keep a combustion state constant. In a case of the above described prior art,
when the opening timing of the exhaust valve is advanced by the variable valve timing
mechanism, a closing timing of the exhaust valve is also advanced simultaneously with
this. As a result, a valve overlap period of the intake valve and the exhaust valve
changes. The valve overlap period is an important parameter that influences an intake
air amount and an EGR rate. Therefore, if the valve overlap period changes, it becomes
difficult to keep the combustion state constant, and there arises a fear of causing a
variation of the combustion state.

The present application is made in the light of the problem as described above, and
has an object to enable a responsiveness of a supercharging pressure in a lean region to
be enhanced by control of a valve timing of an exhaust valve while restraining a

combustion state from varying in a lean-burn engine equipped with a turbocharger.
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Solution to Problem

A lean-burn engine according to the present application is a lean-burn engine
equipped with a turbocharger, and includes a variable valve mechanism capable of
changing an opening timing of an exhaust valve while keeping a closing timing of the
exhaust valve constant. The variable valve mechanism includes at least two cams that
differ in an angle of a lift start position with respect to a reference position of a
camshaft but are the same in an angle of a lift end position, and is configured to switch
said at least the two cams. Further, the lean-burn engine according to the present ap-
plication includes a control device that executes supercharging pressure increasing
control. The supercharging pressure increasing control is control that advances the
opening timing while keeping the closing timing constant by operating the variable
valve mechanism, when a target operation point of the lean-burn engine is located in a
lean region in which an operation with a lean air-fuel ratio that is leaner than a the-
oretical air-fuel ratio is selected, and when an actual supercharging pressure is lower
than a target supercharging pressure. According to the control, the opening timing of
the exhaust valve can be advanced without changing a valve overlap period that has a
large influence on combustion, and therefore, a responsiveness of a supercharging
pressure can be enhanced while a combustion state is restrained from varying.

The supercharging pressure increasing control by the control device may be
executed, when the target operation point moves in the lean region in accordance with
an increase in a target torque, when the target supercharging pressure increases, and
when the actual supercharging pressure deviates from the target supercharging
pressure. According to this, in a case where the target torque increases in the lean
region in which energy of an exhaust gas is small, the supercharging pressure can be
raised so as to be able to achieve the target torque early.

Further, the supercharging pressure increasing control by the control device may be
executed, when the target operation point moves to the lean region from a low load sto-
ichiometric region where an operation with the theoretical air-fuel ratio is selected in
accordance with an increase in the target torque, when the target supercharging
pressure increases, and when the actual supercharging pressure deviates from the target
supercharging pressure. According to this, in a case of shifting from an operation in the
low load stoichiometric region to an operation in the lean supercharging region by an
acceleration request by a driver, the supercharging pressure can be raised so as to be
able to achieve the target torque early.

However, an in-cylinder air-fuel ratio may be kept at the theoretical air-fuel ratio
until the actual supercharging pressure reaches the target supercharging pressure, when

rapid acceleration is requested. According to this, when the acceleration request by the
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driver is a rapid acceleration request, the responsiveness of the supercharging pressure

can be enhanced more.
Further, the supercharging pressure increasing control by the control device may be

executed, when the target operation point moves to the lean region from a high load
stoichiometric region in which the operation with the theoretical air-fuel ratio is
selected in accordance with a decrease in the target torque, when the target super-
charging pressure increases, and when the actual supercharging pressure deviates from
the target supercharging pressure. According to this, in s case of shifting from an
operation in the high load stoichiometric region to the operation in the lean super-
charging region by a deceleration request by the driver, torque of the engine can be
reduced while the supercharging pressure is quickly raised.

The control device may execute ignition timing retardation control, if the control
device executes the supercharging pressure increasing control before switching the in-
cylinder air-fuel ratio from the theoretical air-fuel ratio to the lean air-fuel ratio. The
ignition timing retardation control is control that retards an ignition timing in ac-
cordance with an increase in the supercharging pressure until the in-cylinder air-fuel
ratio is switched to the lean air-fuel ratio, and the control device decreases a retardation
amount by an increase amount of exhaust pump loss in accordance with advancement
of the opening timing of the exhaust valve. According to this control, a torque variation
at the time of the in-cylinder air-fuel ratio being switched from the theoretical air-fuel
ratio to the lean air-fuel ratio can be restrained.

If a NOx catalyst is provided in an exhaust passage of the lean-burn engine, selection
of the air-fuel ratio may be performed in accordance with a temperature of the NOx
catalyst. This is because when the NOx catalyst has an excessively high temperature,
NOx purification performance thereof is reduced, and NOx cannot be purified. More
specifically, the in-cylinder air-fuel ratio may be set in the theoretical air-fuel ratio,

when the temperature of the NOx catalyst is higher than a predetermined temperature.

Advantageous Effects of Invention

According to the lean-burn engine according to the present application, the opening
timing of the exhaust valve can be advanced without changing the valve overlap period
which has a large influence on combustion, and therefore, the responsiveness of the su-
percharging pressure can be enhanced while the combustion state is restrained from
varying.
Brief Description of Drawings
[fig.1]Fig. 1 is a diagram showing a configuration of an engine system of an em-
bodiment of the present application.

[fig.2]Fig. 2 is a diagram showing a valve timing by a cam of the embodiment of the
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present application.
[fig.3]Fig. 3 is a diagram showing a relation between an opening timing of an exhaust
valve and a torque.
[fig.4]Fig. 4 is a diagram showing a relation between the opening timing of the exhaust
valve and thermal efficiency.
[fig.5]Fig. 5 is a diagram showing a relation between the opening timing of the exhaust
valve and an air amount.
[fig.6]Fig. 6 is a diagram showing a relation between the opening timing of the exhaust
valve and an exhaust gas temperature.
[fig.7]Fig. 7 is a diagram showing a relation between the opening timing of the exhaust
valve and turbo revolution speed.
[fig.8]Fig. 8 is a diagram showing a relation between the opening timing of the exhaust
valve and a supercharging pressure.
[fig.9]Fig. 9 is a diagram showing setting of operation regions of an engine.
[fig.10]Fig. 10 is a flowchart showing a control flow of the embodiment of the present
application.
[fig.11]Fig. 11 is a diagram showing movement of a target operation point from a lean
NA region to a lean supercharging region by an acceleration request.
[fig.12]Fig. 12 is a time chart showing an operation in a case of shifting from the lean
NA region to the lean supercharging region by acceleration.
[fig.13]Fig. 13 is a diagram showing movement of the target operation point from a
low load stoichiometric region to the lean supercharging region by the acceleration
request.
[fig.14]Fig. 14 is a time chart showing an operation in a case of shifting from the low
load stoichiometric region to the lean supercharging region by gentle acceleration.
[fig.15]Fig. 15 is a time chart showing an operation in a case of shifting from the low
load stoichiometric region to the lean supercharging region by rapid acceleration.
[fig.16]Fig. 16 is a diagram showing movement of the target operation point from a
high load stoichiometric region to the lean supercharging region by a deceleration
request.
[fig.17]Fig. 17 is a time chart showing an operation in a case of shifting from the high
load stoichiometric region to the lean supercharging region by deceleration.
Description of Embodiment

Hereinafter, an embodiment of the present application will be described with
reference to the drawings. Note that when the numerals of the numbers, the quantities,
the amounts, the ranges and the like of the respective elements are mentioned in the
embodiment shown as follows, the present application is not limited to the mentioned

numerals unless specially explicitly described otherwise, or unless the application is
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explicitly specified by the numerals theoretically. Further, structures, steps and the like
that are described in the embodiment shown as follows are not always indispensable to
the present application unless specially explicitly shown otherwise, or unless the ap-
plication is explicitly specified by them theoretically.

1. Configuration of engine system

1-1. Configuration of entire system

Fig. 1 is a diagram showing a configuration of an engine system of the embodiment
of the present application. The engine system of the present embodiment includes an
internal combustion engine (hereinafter described as an engine) 2 equipped with a tur-
bocharger, that is loaded on an automobile as a power plant. The engine 2 is a lean-
burn engine capable of selecting a stoichiometric operation (that is, an operation with a
theoretical air-fuel ratio) and a lean operation (that is, an operation with a prede-
termined lean air-fuel ratio that is leaner than the theoretical air-fuel ratio). At a time of
the lean operation, an air-fuel ratio is set in an air-fuel ratio region that is leaner than an
air-fuel ratio region where a large amount of NOXx is generated. For example, at the
time of the lean operation, a value of the air-fuel ratio is set to approximately 24.

The engine 2 includes a cylinder block 4 in which a piston 12 is disposed and a
cylinder head 3. The number of cylinders and cylinder disposition of the engine 2 are
not specially limited. A space sandwiched by the cylinder head 3 and the piston 12 is a
combustion chamber 5. The engine 2 is a spark-ignition type engine, and an ignition
plug 18 of an ignition device is mounted to the cylinder head 3 to protrude into a top
portion of the combustion chamber 5.

The combustion chamber 5 communicates with an intake port 6 and an exhaust port
8. A communication state of the combustion chamber 5 and the intake port 6 is
controlled by an intake valve 14 that is provided in the cylinder head 3. A commu-
nication state of the combustion chamber 5 and the exhaust port 8 is controlled by an
exhaust valve 16 that is provided in the cylinder head 3. The intake valve 14 is
provided with a variable intake valve mechanism 24 that makes a valve timing
variable. The exhaust valve 16 is provided with a variable exhaust valve mechanism 26
that makes a valve timing and a working angle variable. In the mechanism which
makes the valve timing variable, a known mechanism that changes a phase of a
camshaft to a crankshaft can be used. The mechanism that makes the working angle
variable will be described later.

The engine 2 includes two fuel injection valves in each cylinder. One is an in-
cylinder injection valve 22 that directly injects fuel into the combustion chamber 5, and
the other is a port injection valve 20 that injects the fuel into the intake port 6.

An intake manifold 10 with which a surge tank 19 is integrated is connected to the

intake port 6. An intake passage 30 that takes air from an outside is connected to the
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surge tank 19. An electronically controlled throttle 40 is provided in a vicinity of the
surge tank 19 in the intake passage 30. An air cleaner 31 is provided at a tip end of the
intake passage 30.

An exhaust manifold 11 is connected to the exhaust port 8. An exhaust passage 32
that discharges an exhaust gas to the outside is connected to the exhaust manifold 11.
In the exhaust passage 32, a three-way catalyst 62, and a NOx catalyst (a NOx storage
reduction catalyst) 64 are provided.

The engine 2 has a turbocharger 28. A compressor 28a of the turbocharger 28 is
provided on an upstream side of the throttle 40 in the intake passage 30. An intercooler
36 that cools intake air that is compressed by the compressor 28a is provided between
the compressor 28a and the throttle 40 in the intake passage 30. A turbine 28b of the
turbocharger 28 is provided on an upstream side of the three-way catalyst 62 in the
exhaust passage 32. In a vicinity of the turbine 28b, a bypass passage 44 that bypasses
the turbine 28b and connects an upstream side and a downstream side of the turbine
28b is provided. In the bypass passage 44, a wastegate valve 46 is installed. The
wastegate valve 46 is driven by a diaphragm type negative pressure actuator 46a.

The system of the present embodiment includes sensors for obtaining information
concerning an operation state of the engine 2 in respective spots. An air flow meter 34
for measuring an intake air amount is installed directly downstream of the air cleaner
31 in the intake passage 30. A pressure sensor 38 for measuring a supercharging
pressure is installed directly downstream of the intercooler 36 in the intake passage 30.
A throttle position sensor 42 for measuring an opening degree of the throttle 40 is
installed in a vicinity of the throttle 40. In the surge tank 19, a pressure sensor 56 for
measuring an intake pipe pressure is installed. In the present description, a pressure on
the upstream side of the throttle 40 will be referred to as the supercharging pressure,
and a pressure on a downstream side of the throttle 40 will be referred to as an intake
manifold pressure.

An air-fuel ratio sensor 70, that outputs a signal which linearly changes with respect
to the air-fuel ratio of the exhaust gas before combustion, is installed directly upstream
of the three-way catalyst 62 in the exhaust passage 32. Further, an oxygen sensor 72,
that outputs a signal which changes stepwise at a boundary between an excessive
oxygen side and an insufficient oxygen side, is installed directly downstream of the
three-way catalyst 62 in the exhaust passage 32, wherein the boundary is an oxygen
concentration of the exhaust gas, and wherein the oxygen concentration is obtained by
combustion of a mixture gas with the theoretical air-fuel ratio as a boundary. In the
NOx catalyst 64, a temperature sensor 74 for measuring a temperature thereof (in more
detail, a floor temperature) is installed.

Further, the system of the present embodiment has an accelerator position sensor 52
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for measuring an opening degree of an accelerator pedal, and a crank angle sensor 54
for measuring a crank angle of the engine 2. In addition to these sensors, various
sensors not illustrated are provided in the engine system.

The aforementioned various sensors and actuators are electrically connected to a
control device 100. The control device 100 is an ECU (Electronic Control Unit). The
control device 100 performs control of the entire system of the engine 2, and is
configured mainly by a computer including a CPU, a ROM, and a RAM. The ROM
stores various control programs. The control programs are executed by the control
device 100, the actuators are operated based on signals from the sensors, whereby the
operation of the engine 2 is controlled.

1-2. Configuration of variable exhaust valve mechanism

The variable exhaust valve mechanism 26 is configured to perform switching of the
working angle of the exhaust valve 16 by switching two exhaust cams (not illustrated)
having different cam profiles. Said two exhaust cams drive the exhaust valve 16 and
can be switched. An angle of a lift start position of one of said two exhaust cams with
respect to a reference position of the camshaft is different from an angle of a lift start
position of the other of said two exhaust cams with respect to the reference position of
the camshaft, wherein the lift start position is a position of a contact point of each
exhaust cam when a lift of the exhaust valve 16 starts. An angle of a lift end position of
said one of said two exhaust cams with respect to the reference position of the
camshaft and an angle of a lift end position of the other of said two exhaust cams with
respect to the reference position of the camshaft are the same, wherein the lift end
position is a position of the contact point of each exhaust cam when the lift of the
exhaust valve 16 finishes. By a configuration like this, when the two exhaust cams are
switched, an opening timing of the exhaust valve 16 changes, but a closing timing of
the exhaust valve 16 does not change.

Fig. 2 is a diagram showing the valve timing of the intake valve 14 that is realized by
an intake cam and the valve timing of the exhaust valve 16 that is realized by the
exhaust cams in combination. In Fig. 2, an angle denoted by "IVO" is an opening
timing of the intake valve 14, and an angle denoted by "IVC" is a closing timing of the
intake valve 14. An angle range from IVO to IVC is a working angle of the intake
valve 14.

The two switchable exhaust cams that drive the exhaust valve 16 are referred to as a
first exhaust cam and a second exhaust cam respectively. In Fig. 2, an angle denoted by
"EVOL1" refers to the opening timing of the exhaust valve 16 by the first exhaust cam,
and an angle denoted by "EVO2" refers to the opening timing of the exhaust valve 16
by the second exhaust cam. An angle denoted by "EVC" refers to the closing timing of

the exhaust valve 16 common to the first exhaust cam and the second exhaust cam. A
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relatively narrow angle range from EVO1 to EVC is the working angle of the exhaust
valve 16 by the first exhaust cam, and a relatively large angle range from EVO2 to
EVC is the working angle of the exhaust valve 16 by the second exhaust cam.

The first exhaust cam is normally used, and switching to the second exhaust cam is
performed in accordance with necessity. Switching from the first exhaust cam to the
second exhaust cam is performed, whereby only the opening timing is advanced from
"EVOL1" to "EVO2" while the closing timing of the exhaust valve 16 is fixed to
"EVC". Since "EVOI1" is set at an advance side of BDC, earlier opening of the exhaust
valve 16 is realized by switching to the second exhaust cam.

An operation by advancing the opening timing of the exhaust valve 16 will be
described with use of respective graphs in Fig. 3 to Fig. 8. EVO in a horizontal axis of
each of the graphs means the opening timing of the exhaust valve 16, and a unit thereof
is an advance degree (BBDC) from BDC. The respective graphs are results of
examining an influence of EVO on state quantities after parameters such as a throttle
opening degree, a wastegate valve opening degree, the intake valve opening timing and
closing timing, and the exhaust valve closing timing are fixed.

As shown in Fig. 3, torque increases as the EVO is advanced. This can be explained
as follows. First, as shown in Fig. 6, as the EVO is advanced, an exhaust gas tem-
perature increases. This is because as the exhaust valve is opened earlier than the BDC,
thermal energy that is given to the exhaust gas increases. A rise in the exhaust tem-
perature increases a turbine work of the turbocharger. Consequently, as shown in Fig.
7, as the EVO is advanced, turbo revolution speed increases. When the turbo
revolution speed increases, the supercharging pressure by the compressor increases.
Consequently, as shown in Fig. 8, as the EVO is advanced, the supercharging pressure
increases. As the supercharging pressure increases, an air amount which is taken into
the cylinder is increased. Thereby, as the EVO is advanced, the air amount increases as
shown in Fig. 5, and as a result, a relation between the EVO and the torque as shown in
Fig. 3 is obtained.

Meanwhile, as shown in Fig. 4, in the EVO, an angle where the thermal efficiency
becomes maximum is present (in the example in Fig. 4, 30 degrees BBDC). As the
EVO is retarded from the angle at which the thermal efficiency becomes maximum,
the thermal efficiency is reduced by an increase in discharge loss. Conversely, as the
EVO is advanced from the angle at which the thermal efficiency becomes maximum,
the thermal efficiency is reduced by an increase in blowoff loss. That is to say, as the
EVO is advanced, the turbo work is increased to promote an increase in the super-
charging pressure, but on the other hand, the thermal efficiency is reduced to reduce
fuel efficiency. An arrow A shown in Fig. 4 represents an allowable reduction amount

of the thermal efficiency.
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The opening timing (EVOI1) of the exhaust valve 16 by the first exhaust cam is set at
an angle at which the thermal efficiency becomes maximum in Fig. 4. The opening
timing (EVO?2) of the exhaust valve 16 by the second exhaust cam is set at an angle at
which the opening timing is advanced most within a range of an allowable thermal ef-
ficiency. Consequently, by setting the first exhaust cam to be normally used, high fuel
efficiency performance can be obtained. By switching from the first exhaust cam to the
second exhaust cam in accordance with necessity, the turbo work is increased to be
able to raise the supercharging pressure quickly while reduction in fuel efficiency per-
formance is kept within an allowable range.

Next, an operation by making the closing timing of the exhaust valve 16 constant
before and after switching from the first exhaust cam to the second exhaust cam will be
described. Fig. 2 shows a state in which an opening period of the exhaust valve 16 and
an opening period of the intake valve 14 overlap each other. An angle range from IVO
to EVC corresponds to a valve overlap period of the exhaust valve 16 and the intake
valve 14.

According to the variable exhaust valve mechanism 26, EVC is common to the first
exhaust cam and the second exhaust cam, and therefore, at a time of switching from
the first exhaust cam to the second exhaust cam, no change occurs to the valve overlap
period. That is to say, the opening timing of the exhaust valve 16 can be advanced
while the valve overlap period is kept constant. Since the valve overlap period is a
parameter that influences the intake air amount and an EGR rate, a combustion state is
kept constant by keeping the valve overlap period constant. An effect thereof is
exhibited especially when combustion with the lean air-fuel ratio is performed. This is
because the combustion with the lean air-fuel ratio is lower in robustness as compared
with combustion with the theoretical air-fuel ratio. In short, according to the variable
exhaust valve mechanism 26, the opening timing of the exhaust valve 16 can be
advanced without changing the valve overlap period which significantly influences
combustion, and therefore, a responsiveness of the supercharging pressure can be
enhanced while the combustion state is restrained from varying especially in a case
where the combustion with the lean air-fuel ratio is performed.

2. Operation of engine system

2-1. Setting of engine operation regions

Fig. 9 is a diagram showing setting of operation regions of the engine 2. An
operation of the engine 2 is performed in accordance with the operation regions which
are set on a two-dimensional plane with the torque and the engine speed as axes. In
Fig. 9, a low load stoichiometric region, a lean region and a high load stoichiometric
region are set as the operation regions of the engine. The lean region and the high load

stoichiometric region are each divided into a natural aspiration region (hereinafter,
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referred to as an NA region) and a supercharging region.

The lean region is an operation region in which an operation with the lean air-fuel
ratio is enabled, and is set to be as large as possible in order to enhance fuel efficiency
performance. The lean region is divided into the natural aspiration region (hereinafter
referred to as the NA region) and the supercharging region. The NA region is a region
in which supercharging by the turbocharger 28 is not performed, and the supercharging
region is a region in which the supercharging by the turbocharger 28 is performed.
Whether the supercharging is performed or not can be determined based on whether
the supercharging pressure becomes larger than an atmospheric pressure. In the lean
region, the operation with the lean air-fuel ratio is performed by port injection with
which a mixture gas with high homogeneity is obtained, or a combination of the port
injection and in-cylinder injection with the port injection as main injection. However,
at a time of execution of rich spike, at a time of rapid acceleration and the like, an
operation with the theoretical air-fuel ratio or a rich air-fuel ratio that is richer than the
theoretical air-fuel ratio is sometimes performed even in the lean region.

An operation region in which the operation with the lean air-fuel ratio cannot be
performed or it is difficult to perform the operation with the lean air-fuel ratio, is set as
the low load stoichiometric region or the high load stoichiometric region. The low load
stoichiometric region is a region in which the combustion with the lean air-fuel ratio
becomes unstable. In the low load stoichiometric region, the stoichiometric operation
by the port injection is performed. The low load stoichiometric region is the NA
region.

The high load stoichiometric region is a region in which a desired output cannot be
obtained by the operation with the lean air-fuel ratio. The high load stoichiometric
region is divided into the NA region and the supercharging region. In the high load sto-
ichiometric region, the stoichiometric operation by the in-cylinder injection, or the sto-
ichiometric operation by a combination of the port injection and the in-cylinder
injection with the in-cylinder injection as main injection is performed.

A target engine output is determined from an accelerator pedal opening degree. A
target torque and a target engine speed are determined from the target engine output.
An operation point that is determined by the target torque and the target engine speed
is a target operation point of the engine 2. A control content of the engine 2 is de-
termined based on which operation region the target operation point is located in, and
by what route the target operation point moves.

2-2. Engine control by control device

Fig. 10 is a flowchart showing a flow of engine control that is performed by the
control device 100. The control device 100 performs the engine control in accordance

with a procedure shown in the flowchart. In step S2, it is determined whether the target
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operation point of the engine 2 which is fixed by the target torque and the target engine
speed is in the lean region. When the target operation point is not in the lean region, a
processing in step S10 is selected. In step S10, the stoichiometric operation with the
theoretical air-fuel ratio is performed.

When the target operation point is in the lean region, determination in step S4 is
performed next. In step S4, a target supercharging pressure and an actual super-
charging pressure are compared. The target supercharging pressure is determined
based on the target torque and the target engine speed with reference to a map that is
stored in the ROM. The control device 100 includes a map for determining a target
value of a control amount and an operation amount for each of the operation regions.
The actual supercharging pressure is measured by the pressure sensor 38. When the
actual supercharging pressure becomes equal to or higher than the target supercharging
pressure, a processing in step S12 is selected. In step S12, the lean operation with the
predetermined lean air-fuel ratio is performed.

When the actual supercharging pressure is lower than the target supercharging
pressure, control for increasing the actual supercharging pressure to the target super-
charging pressure is performed. In order to select a content of the control, deter-
mination in step S6 is performed first. In step S6, it is determined whether the tem-
perature of the NOx catalyst 64 which is measured by the temperature sensor 74 is
higher than an upper limit temperature of a window. The window is setin a tem-
perature range in which purification performance of the NOx catalyst 64 is ensured. A
content of a next processing changes depending on whether the NOx catalyst 64 has a
high temperature exceeding the upper limit temperature.

When the NOx catalyst 64 does not have the high temperature, determination in step
S14 is performed next. In step S14, it is determined whether the rapid acceleration is
requested by a driver. A magnitude of acceleration that is requested by the driver is de-
termined from an acceleration of the accelerator pedal opening degree, for example.
Further, a request of the rapid acceleration may be determined from an increasing
speed of the target torque. When the rapid acceleration is not requested (for example,
when the acceleration of the accelerator pedal opening degree is equal to or smaller
than a threshold value), a processing in step S16 is selected. When the rapid ac-
celeration is requested, a processing in step S8 is selected.

When the processing in step S16 is selected, the lean operation with the prede-
termined lean air-fuel ratio is performed. Subsequently, supercharging pressure in-
creasing control that raises the supercharging pressure by advancing the opening
timing of the exhaust valve 16 is executed. Advancement of the opening timing of the
exhaust valve 16 is achieved by switching from the first exhaust cam to the second

exhaust cam, and therefore, the closing timing of the exhaust valve 16 is constant.
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When the processing in step S8 is selected, the stoichiometric operation with the the-
oretical air-fuel ratio is performed although the target operation point is in the lean
region. According to the stoichiometric operation, larger exhaust energy can be
obtained than in the lean operation, and therefore, the turbo work is increased and the
supercharging pressure can be raised. Further, switching from the first exhaust cam to
the second exhaust cam is performed in accordance with necessity, and the super-
charging pressure increasing control that raises the supercharging pressure by ad-
vancement of the opening timing of the exhaust valve 16 is executed in combination.

The processing in step S8 is also selected when the NOx catalyst 64 has the high
temperature. When the NOXx catalyst 64 has the high temperature, sufficient NOx pu-
rification performance cannot be obtained. In the case like this, the stoichiometric
operation capable of purifying the exhaust gas by the three-way catalyst 62 is selected
instead of the lean operation which requires the NOx catalyst 64, whereby degradation
of exhaust gas performance can be prevented.

3. Operation of engine system

3-1. Operation in case of shifting from lean NA region to lean supercharging region
by acceleration

First, as shown in Fig. 11, an operation will be described, wherein the operation is
executed, if an acceleration request (not a rapid acceleration request) occurs when the
target operation point of the engine 2 is in a lean NA region, if the target torque
increases in accordance with the acceleration request, and if the target operation point
moves from the lean NA region to a lean supercharging region, in accordance with an
increase in the target torque. This example corresponds to a case of the processing in
step S16 being selected in a control flow shown in Fig. 10.

Fig. 12 is a time chart showing an operation in the case of shifting from the lean NA
region to the lean supercharging region by acceleration. In the time chart, changes over
time of engine torque, the supercharging pressure, the intake manifold pressure, the
exhaust valve opening timing (EVO), the throttle opening degree, the wastegate valve
opening degree (WGV opening degree), NOx catalyst temperature, the in-cylinder air-
fuel ratio (A/F) and an ignition timing. Further, in the time chart, operations according
to the present embodiment are drawn by the solid lines, and the operations of a com-
parative example are drawn by dotted lines. In the comparative example, the super-
charging pressure increasing control that raises the supercharging pressure by
advancing the opening timing of the exhaust valve 16 is not performed.

At a time of start of the acceleration (time t10), the target operation point moves from
the lean NA region to the lean supercharging region by the increase in the target
torque, whereby the target supercharging pressure discretely increases from the at-

mospheric pressure to a value corresponding to the target torque. As a result, a
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deviation arises between the target supercharging pressure and the supercharging
pressure (the actual supercharging pressure), and the WGV opening degree is fully
closed so as to eliminate the deviation. At the same time, the throttle opening degree is
fully opened to raise the intake manifold pressure at a maximum speed.

In the case of the comparative example in which the supercharging pressure in-
creasing control is not performed, the energy which the exhaust gas has is small in the
lean NA region, and therefore, even if the WGV opening degree is fully closed, the su-
percharging pressure does not rise quickly. As a result, even though the throttle
opening degree is fully opened, rising speed of the intake manifold pressure is low, and
much time is required until the torque reaches the target torque (time t12).

Meanwhile, according to the present embodiment, if the deviation arises between the
target supercharging pressure and the actual supercharging pressure, the supercharging
pressure increasing control is performed. The opening timing of the exhaust valve 16 is
advanced by the supercharging pressure increasing control, whereby the exhaust gas
temperature rises, and the supercharging pressure rises quickly by an increase in the
turbo work. Subsequently, the supercharging pressure rises quickly, whereby a period
until the torque reaches the target torque is shortened (time t11).

The advancement of the opening timing of the exhaust valve 16 by the supercharging
pressure increasing control is continued until the supercharging pressure reaches the
target supercharging pressure. After the supercharging pressure reaches the target su-
percharging pressure, the opening timing of the exhaust valve 16 is retarded to a
normal angle by switching from the second exhaust cam to the first exhaust cam. The
WGYV opening degree is kept at full closure until the supercharging pressure reaches
the target supercharging pressure. After the supercharging pressure reaches the target
supercharging pressure, the WGV opening degree is adjusted to an opening degree cor-
responding to the target torque. The throttle opening degree is kept at full opening in
the lean supercharging region. That is to say, in the lean supercharging region, torque
control is performed by means of the WGV opening degree.

In the supercharging pressure increasing control, the closing timing of the exhaust
valve 16 is kept constant, and therefore, the valve overlap period does not change. The
valve overlap period which has a large influence on combustion is made constant, and
thereby variation in the combustion state is restrained. The combustion state is
stabilized, whereby the in-cylinder air-fuel ratio and the ignition timing can be kept
constant from the start of the acceleration to an end of the acceleration, and control-
lability is enhanced.

As described above, according to the present embodiment, when the target torque is
increased in the lean region in which the energy of the exhaust gas is less, the super-

charging pressure can be raised to be able to achieve the target torque early while the
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combustion state is restrained from varying. The above operation also applies to the
case where the target supercharging pressure further increases due to the increase in
the target torque when the target operation point is in the lean supercharging region.

Note that in the time chart, the NOx catalyst temperature is always within the
window. However, according to the supercharging pressure increasing control, the
exhaust gas temperature rises, and therefore, there is a possibility of the NOx catalyst
temperature exceeding the upper limit of the window. When the NOx catalyst tem-
perature exceeds the upper limit, switching from the lean operation to the stoi-
chiometric operation is performed in accordance with the control flow shown in Fig.
10.

3-2. Operation in case of shifting from low load stoichiometric region to lean super-
charging region by gentle acceleration

As shown in Fig. 13, an operation will be described, wherein the operation is
executed, if an acceleration request occurs when the target operation point of the
engine 2 is in the low load stoichiometric region, if the target torque increases in ac-
cordance with the acceleration request, and if target operation point moves from the
low load stoichiometric region to the lean supercharging region, in accordance with the
increase in the target torque. At first, an example of a case where the acceleration
request is not a rapid acceleration request will be described. This example corresponds
to the case where the processing in step S16 is selected in the control flow shown in
Fig. 10.

Fig. 14 is a time chart showing a case of shifting from the low load stoichiometric
region to the lean supercharging region by gentle acceleration. Items of the time chart
are the same as in Fig. 12. Further, in the time chart, the operations according to the
present embodiment are drawn by solid lines, and the operations of the comparative
example are drawn by dotted lines.

At a time of start of the acceleration (time t20), the in-cylinder air-fuel ratio is
discretely switched from the theoretical air-fuel ratio to the predetermined lean air-fuel
ratio. At the same time, the ignition timing is discretely advanced to MBT corre-
sponding to the lean air-fuel ratio in accordance with a change in the MBT ac-
companying a change in the in-cylinder air-fuel ratio. Further, the target operation
point shifts from the low load stoichiometric region (stoichiometric NA region) to the
lean supercharging region, whereby the target supercharging pressure discretely
increases from the atmospheric pressure to the value corresponding to the target
torque. As a result, the deviation arises between the target supercharging pressure and
the supercharging pressure, and the WGV opening degree is shifted to the full closure
to eliminate the deviation. At the same time, the throttle is fully opened to raise the

intake manifold pressure at the maximum speed.
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Since the air-fuel ratio is switched from the theoretical air-fuel ratio to the lean air-
fuel ratio, the supercharging pressure does not rise quickly even if the WGV opening
degree is shifted to the full closure in the comparative example. This is because under
the lean air-fuel ratio, the energy of the exhaust gas significantly decreases. Therefore,
even though the throttle opening degree is at the full opening, the rising speed of the
intake manifold pressure is low, and much time is required until the torque reaches the
target torque (time (22).

Meanwhile, according to the present embodiment, a decrease in the energy of the
exhaust gas by switching of the in-cylinder air-fuel ratio is compensated by the
opening timing of the exhaust valve 16 being advanced by the supercharging pressure
increasing control. Therefore, the supercharging pressure quickly rises, and the period
until the torque reaches the target torque is shortened (time (21). After the super-
charging pressure reaches the target supercharging pressure, the opening timing of the
exhaust valve 16 is delayed to the normal angle by switching from the second exhaust
cam to the first exhaust cam. Operations of the throttle opening degree and the WGV
opening degree in the lean supercharging region after the supercharging pressure
reaches the target supercharging pressure are as described with use of Fig. 12.

Further, from the start to the end of acceleration, the valve overlap period that has a
large influence on combustion is kept constant, and therefore, variation in the
combustion state is restrained. The combustion state is stabilized, whereby after the in-
cylinder air-fuel ratio is switched from the theoretical air-fuel ratio to the lean air-fuel
ratio, the in-cylinder air-fuel ratio and the ignition timing can be kept constant, and
controllability is enhanced. Note that in this example, switching from the lean
operation to the stoichiometric operation is performed in accordance with the control
flow shown in Fig. 10 when the NOx catalyst temperature exceeds the upper limit of
the window halfway through the shift to the lean supercharging region.

3-3. Operation in case of shifting from low load stoichiometric region to lean super-
charging region by rapid acceleration

Next, an operation will be described, wherein the operation is executed, if a rapid ac-
celeration request occurs when the target operation point of the engine 2 is in the low
load stoichiometric region, if the target torque increases in accordance with the rapid
acceleration request, and if target operation point moves from the low load stoi-
chiometric region to the lean supercharging region, in accordance with the increase in
the target torque. This example corresponds to the case where the processing in step S8
is selected in the control flow shown in Fig. 10.

Fig. 15 is a time chart showing an operation in a case of shifting from the low load
stoichiometric region to the lean supercharging region by rapid acceleration. Items of

the time chart are the same as in Figs. 12 and 14. Further, in the time chart, the op-
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erations according to the present embodiment are drawn by solid lines, and the op-
erations of the comparative example are drawn by dotted lines.

In the case of the rapid acceleration, at the time of the start of the acceleration (time
t20), the WGYV opening degree is brought into the full closure, and the throttle opening
degree is brought into the full opening. However, unlike the case of the gentle ac-
celeration, the in-cylinder air-fuel ratio is kept at the theoretical air-fuel ratio. This is
because the responsiveness of the supercharging pressure to the operations of the
WGYV opening degree and the throttle opening degree is more excellent in the stoi-
chiometric operation than in the lean operation. Switching of the in-cylinder air-fuel
ratio from the theoretical air-fuel ratio to the lean air-fuel ratio is performed, when the
supercharging pressure rises and reaches the target supercharging pressure. Further, in
order to prevent a torque level difference from occurring when the in-cylinder air-fuel
ratio is switched, ignition timing retardation control that gradually retards the ignition
timing in accordance with the increase in the supercharging pressure is performed in a
period from the start of the acceleration until switching of the in-cylinder air-fuel ratio
is performed. Subsequently, in accordance with switching of the in-cylinder air-fuel
ratio, the ignition timing is discretely advanced to the MBT corresponding to the lean
air-fuel ratio.

Even in the comparative example, since the WGV opening degree is brought into the
full closure while the stoichiometric operation is kept, the supercharging pressure rises
more quickly, as compared with the gentle acceleration which brings the WGV
opening degree into the full closure after switching to the lean operation. However,
according to the present embodiment, from a time of the start of the acceleration, the
supercharging pressure increasing control is executed in parallel with the stoi-
chiometric operation. The opening timing of the exhaust valve 16 is advanced by the
supercharging pressure increasing control, whereby the exhaust gas temperature further
rises. Thereby, the supercharging pressure rises more quickly. A time (time t31) at
which the torque reaches the target torque in the present embodiment is significantly
made earlier than a time (time t32) at which the torque reaches the target torque in the
comparative example. After the supercharging pressure reaches the target super-
charging pressure, the opening timing of the exhaust valve 16 is retarded to the normal
angle by switching from the second exhaust cam to the first exhaust cam. The op-
erations of the throttle opening degree and the WGV opening degree in the lean super-
charging region after the supercharging pressure reaches the target supercharging
pressure are as described with use of Fig. 12.

Further, according to the present embodiment, the opening timing of the exhaust
valve 16 is advanced by the supercharging pressure increasing control, whereby

exhaust pump loss increases. Therefore, a retardation amount of the ignition timing,
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which is required to reduce the torque, is decreased by an increase amount of the
exhaust pump loss, as compared with a case where the supercharging pressure in-
creasing control is not executed. If the retardation amount of the ignition timing at a
time of the stoichiometric operation decreases, an advance amount of the ignition
timing at a time of switching the in-cylinder air-fuel ratio can be decreased corre-
spondingly. Changing the ignition timing itself is a cause of a torque variation, and
therefore, if the advance amount of the ignition timing can be decreased, a possibility
of the torque variation can be reduced correspondingly.

Further, since the energy which is given to the exhaust gas is large in the stoi-
chiometric operation, the NOx catalyst temperature rises in accordance with the
increase in the torque after the start of the acceleration. If a period in which the stoi-
chiometric operation is continued is long, the NOx catalyst temperature also continues
to rise correspondingly, and a fear of the NOx catalyst temperature exceeding the
upper limit of the window arises. When the NOx catalyst temperature exceeds the
upper limit of the window, switching to the lean operation cannot be performed even if
the supercharging pressure reaches the target supercharging pressure. In this regard,
according to the present embodiment, the supercharging pressure can be caused to
reach the target supercharging pressure early. Therefore, the period in which the stoi-
chiometric operation is continued can be made short, and the NOx catalyst temperature
can be reduced by early switching to the lean operation.

3-4. Operation in case of shifting from high load stoichiometric region to lean super-
charging region by deceleration

Finally, as shown in Fig. 16, an operation will be described, wherein the operation is
executed, if a deceleration request occurs when the target operation point of the engine
2 is in the high load stoichiometric region, if the target torque decreases in accordance
with the deceleration request, and if the target operation point moves from the high
load stoichiometric region to the lean supercharging region, in accordance with a
decrease in the target torque. Note that the control flow shown in Fig. 10 is the control
flow which is executed when the target torque increases, and when the target torque
decreases as in this example, engine control is performed in accordance with a
different control flow from the control flow shown in Fig. 10. A content of the engine
control according to the control flow appears in an operation that will be described as
follows, and therefore, explanation of the control flow using a flowchart will be
omitted.

Fig. 17 is a time chart showing an operation in a case of shifting from the high load
stoichiometric region to the lean supercharging region by deceleration. Items of the
time chart are the same as in Figs. 12, 14 and 15. Further, in the time chart, the op-

erations according to the present embodiment are drawn by solid lines, and the op-
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erations of the comparative example are drawn by dotted lines.

At a time of start of the deceleration (time t40), the target operation point shifts from
the high load stoichiometric region to the lean supercharging region due to the
decrease in the target torque, whereby the target supercharging pressure discretely
increases to the value corresponding to the target torque. As a result, the deviation
occurs between the target supercharging pressure and the supercharging pressure, and
the WGV opening degree is brought into the full closure so as to eliminate the
deviation. At the same time, in order to raise the intake manifold pressure at the
maximum speed, the throttle is fully opened.

In the comparative example, since the WGV opening degree is brought into the full
closure while the stoichiometric operation is kept, the increase in the supercharging
pressure is also seen. However, until a time (time t43) at which the supercharging
pressure reaches the target supercharging pressure, the in-cylinder air-fuel ratio cannot
be switched to the lean air-fuel ratio. This is because the increase in the supercharging
pressure is restrained due to the decrease in the energy of the exhaust gas by switching
to the lean air-fuel ratio. Therefore, in the comparative example, switching of the in-
cylinder air-fuel ratio to the lean air-fuel ratio is delayed, whereby a time at which the
torque is reduced to the target torque is also delayed, and the driver cannot obtain an
expected sense of the deceleration sufficiently. Note that in order to prevent the torque
level difference from occurring when the in-cylinder air-fuel ratio is switched, the
torque is reduced by gradually retarding the ignition timing in a period from the start of
the deceleration until switching of the in-cylinder air-fuel ratio is performed. In ac-
cordance with switching of the in-cylinder air-fuel ratio, the ignition timing is
discretely advanced to the MBT corresponding to the lean air-fuel ratio.

Meanwhile, according to the present embodiment, the supercharging pressure in-
creasing control is executed in parallel with the stoichiometric operation simul-
taneously with the start of the deceleration. Subsequently, in a time (time t41) at which
the supercharging pressure does not reach the target supercharging pressure, but rises
to a certain magnitude, the in-cylinder air-fuel ratio is switched from the theoretical
air-fuel ratio to the lean air-fuel ratio. The opening timing of the exhaust valve 16 is
advanced by the supercharging pressure increasing control, whereby the exhaust gas
temperature rises to a large extent. Therefore, even when the in-cylinder air-fuel ratio
is switched to the lean air-fuel ratio, the energy of the exhaust gas which is required to
raise the supercharging pressure by driving the turbocharger can be obtained.

Further, the exhaust pump loss increases by the opening timing of the exhaust valve
16 being advanced. Therefore, required retardation amount of the ignition timing is
decreased by the increase amount of the exhaust pump loss, as compared with the case

where the supercharging pressure increasing control is not executed. If the retardation
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amount of the ignition timing at the time of the stoichiometric operation decreases, the
advance amount of the ignition timing at the time of switching the in-cylinder air-fuel
ratio can be decreased. Changing the ignition timing itself is the cause of the torque
variation, and therefore, if the advance amount of the ignition timing can be decreased,

the possibility of the torque variation can be reduced correspondingly.
Note that concerning the NOx catalyst temperature, until the time t41 at which the in-

cylinder air-fuel ratio is switched from the theoretical air-fuel ratio to the lean air-fuel
ratio in the present embodiment, a large difference does not occurs in the change of the
NOx catalyst temperature between the present embodiment and the comparative
example. However, in the comparative example in which the stoichiometric operation
is continued, a state in which the NOx catalyst temperature exceeds the upper limit of
the window continues, whereas according to the present embodiment, switching to the
lean operation is performed at the time t41, and thereby the NOx catalyst temperature
is reduced to a large extent and is within the window.

Since the supercharging pressure increasing control is also continued after switching
of the in-cylinder air-fuel ratio, the supercharging pressure continues to rise quickly.
Thereby, a period until the supercharging pressure reaches the target supercharging
pressure is shortened, and a time (time t42) at which the torque is reduced to the target
torque is significantly made earlier than the time (time t43) at which the torque is
reduced to the target torque in the comparative example. After the supercharging
pressure reaches the target supercharging pressure, the opening timing of the exhaust
valve 16 is retarded to the normal angle by switching from the second exhaust cam to
the first exhaust cam. The operations of the throttle opening degree and the WGV
opening degree in the lean supercharging region after the supercharging pressure
reaches the target supercharging pressure are as described with used of Fig. 12.
Reference Signs List

2 Engine

5 Combustion chamber

20 Port injection valve

22 In-cylinder injection valve

24 Variable intake valve mechanism

26 Variable exhaust valve mechanism

28 Turbocharger

28a Compressor

28b Turbine

30 Intake passage

32 Exhaust passage
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40 Throttle

46 Wastegate valve
64 NOx catalyst
100 Control device
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Claims

A lean-burn engine equipped with a turbocharger, comprising:

a variable valve mechanism capable of changing an opening timing of
an exhaust valve while keeping a closing timing of the exhaust valve
constant; and

a control device, wherein when a target operation point of the lean-burn
engine is located in a lean region, and when an actual supercharging
pressure is lower than a target supercharging pressure, the control
device executes supercharging pressure increasing control that
advances the opening timing while keeping the closing timing constant
by operating the variable valve mechanism, and wherein an operation
with a lean air-fuel ratio that is leaner than a theoretical air-fuel ratio is
selected in the lean region.

The lean-burn engine according to claim 1,

wherein when the target operation point moves in the lean region in ac-
cordance with an increase in a target torque, when the target super-
charging pressure increases, and when the actual supercharging
pressure deviates from the target supercharging pressure, the control
device executes the supercharging pressure increasing control.

The lean-burn engine according to claim 1,

wherein when the target operation point moves from a low load stoi-
chiometric region to the lean region in accordance with an increase in a
target torque, when the target supercharging pressure increases, and
when the actual supercharging pressure deviates from the target super-
charging pressure, the control device executes the supercharging
pressure increasing control, and wherein an operation with the the-
oretical air-fuel ratio is selected in the low load stoichiometric region.
The lean-burn engine according to claim 3,

wherein when rapid acceleration is requested, the control device keeps
an in-cylinder air-fuel ratio at the theoretical air-fuel ratio until the
actual supercharging pressure reaches the target supercharging
pressure.

The lean-burn engine according to claim 1,

wherein when the target operation point moves from a high load stoi-
chiometric region to the lean region in accordance with a decrease in a
target torque, when the target supercharging pressure increases, and

when the actual supercharging pressure deviates from the target super-
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charging pressure, the control device executes the supercharging
pressure increasing control, and wherein an operation with the the-
oretical air-fuel ratio is selected in the high load stoichiometric region.
The lean-burn engine according to claim 4 or 5,

wherein if the control device executes the supercharging pressure in-
creasing control before the in-cylinder air-fuel ratio is switched from
the theoretical air-fuel ratio to the lean air-fuel ratio, the control device
executes ignition timing retardation control that retards an ignition
timing in accordance with an increase in a supercharging pressure until
the in-cylinder air-fuel ratio is switched to the lean air-fuel ratio,

and wherein the control device decreases a retardation amount by an
increase amount of exhaust pump loss in accordance with advancement
of the opening timing, in the ignition timing retardation control.

The lean-burn engine according to any one of claims 1 to 4,

wherein the lean-burn engine comprises a NOx catalyst that is provided
in an exhaust passage,

and wherein when a temperature of the NOx catalyst is higher than a
predetermined temperature, the control device sets the in-cylinder air-
fuel ratio in the theoretical air-fuel ratio.

The lean-burn engine according to any one of claims 1 to 7,

wherein the variable valve mechanism includes at least two cams and is
configured to switch said at least the two cams, wherein an angle of a
lift start position of one of said at least two cams with respect to a
reference position of a camshaft is different from an angle of a lift start
position of another of said at least two cams with respect to the
reference position of the camshaft, and wherein an angle of a lift end
position of said one of said at least two cams with respect to the
reference position of the camshaft and an angle of a lift end position of
said another of said at least two cams with respect to the reference

position of the camshaft are the same.
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[Fig. 11]
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[Fig. 15]
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