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(57) Abstract: A supercharged internal combustion engine is provided that is
capable of introducing EGR gas into an intake passage on an upstream side
relative to a compressor. When a required WGV opening degree is less than a
lower limit value WGVmin in a case in which introduction of EGR gas is
started under a situation in which the temperature of an EGR valve is less
than or equal to a predetermined value X1, the WGV opening degree is con-
trolled during a protection time period T3 after introduction of EGR gas
starts by using the lower limit value WGVmin as the required WGV opening
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Description
Title of Invention: SUPERCHARGED INTERNAL COMBUSTION

ENGINE
Technical Field

[0001]  The present invention relates to a supercharged internal combustion engine, and more
particularly to a supercharged internal combustion engine that is capable of introducing
EGR gas into an intake passage on an upstream side relative to a compressor that su-

percharges intake air.

Background Art

[0002] A supercharged internal combustion engine has already been disclosed in, for
example, PTL 1. The aforementioned internal combustion engine includes an in-
tercooler that cools supercharged intake air, and an EGR cooler that cools EGR gas
that is introduced into an intake passage on an upstream side relative to a compressor.
The EGR gas amount is controlled so that condensed water is not generated in the in-
tercooler and the EGR cooler.

[0003]  If introduction of EGR gas is performed during an initial warm-up stage after
commencing startup from a cold state, condensed water is liable to be generated. Con-
sequently, an EGR valve is normally closed during an initial warm-up stage. However,
even if the EGR valve is in a closed state, exhaust gas is present in the EGR passage on
an upstream side of the EGR gas flow relative to the EGR valve. Therefore, in some
cases, as a result of moisture contained in exhaust gas touching against the cold EGR
valve, condensation of moisture occurs on the surface of the EGR valve on the side
that is exposed to the exhaust gas and condensed water is generated.

[0004]  In order to suppress the occurrence of condensed water that is generated in the above
described manner, it is conceivable to adopt a measure so as to heat the wall surface of
the flow passage of EGR gas on an upstream side relative to the compressor. However,
since the state is one in which the EGR valve that is being closed is sandwiched
between low-temperature fresh air and the exhaust gas, it is difficult to directly heat the
EGR valve itself and keep the EGR valve warm. Consequently, when the engine
cooling water temperature rises after cold starting and a condition is established that
allows the introduction of EGR gas, the state at such time is one in which condensed
water is attached to the EGR valve surface on a side which the exhaust gas contacts
against. Further, even at a time other than when warming up the engine, condensed
water sometimes attaches to the surface of the EGR valve if the EGR valve that is in a
closed state during engine operation is cooled by low-temperature intake air.

[0005]  If the EGR valve is opened to introduce EGR gas without giving particular con-
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sideration to the generation of condensed water at the EGR valve as described above,
condensed water that has attached to the EGR valve will flow into the intake passage.
If condensed water that flowed into the intake passage is drawn into the compressor,
there is a concern that droplets of the condensed water will collide against the impeller
of the compressor and lead to the occurrence of an erosion phenomenon at the
impeller.

Citation List

Patent Literature
PTL 1: Japanese Patent Laid-Open No. 2012-087779
Summary of Invention

The present invention has been conceived to address the above described problem,
and an object of the present invention is to provide a supercharged internal combustion
engine that, without requiring a particular addition or change to the hardware con-
figuration, is capable of suppressing the occurrence of an erosion phenomenon due to
the fact that condensed water that is generated on the surface of an EGR valve flows
into a compressor when the EGR valve is opened.

A first aspect of the present invention is a supercharged internal combustion engine.
The supercharged internal combustion engine includes: a compressor configured to su-
percharge intake air; an EGR passage connecting an intake passage on an upstream
side relative to the compressor with an exhaust passage; an EGR valve provided in the
EGR passage and regulating an amount of an EGR gas that flows through the EGR
passage; and compressor control means for controlling a compressor rotational speed
in accordance with a basic required compressor rotational speed that is determined
based on an engine speed and an engine load parameter. When introduction of EGR
gas is started in a case where the basic required compressor rotational speed is higher
than a predetermined rotational speed, the compressor control means restricts the
compressor rotational speed after introduction of EGR gas starts so that the compressor
rotational speed becomes less than or equal to the predetermined rotational speed.

Further, according to a second aspect of the present invention, in the first aspect,
when introduction of EGR gas is started for a first time after cold starting of the
internal combustion engine in a case where the basic required compressor rotational
speed is higher than the predetermined rotational speed, the compressor control means
may implement the restriction of the compressor rotational speed.

Further, according to a third aspect of the present invention, in the first aspect, when
introduction of EGR gas is started under a situation in which a temperature of the EGR
valve is less than or equal to a dew-point temperature of exhaust gas that is present in

the EGR passage while the EGR valve is closed or a temperature that is higher than the
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dew-point temperature by a predetermined margin in a case in which the basic required
compressor rotational speed is higher than the predetermined rotational speed, the
compressor control means implements the restriction of the compressor rotational
speed.

Further, according to a fourth aspect of the present invention, in the third aspect, the
compressor control means may restrict the compressor rotational speed after in-
troduction of EGR gas starts until a time period, which is a sum of a time period from a
time point at which the EGR valve opens until a time point at which water droplets
start to detach from the EGR valve and a time period from the time point at which
water droplets start to detach from the EGR valve until a time point at which water
droplets finish arriving at an inlet of the compressor, passes.

Further, according to a fifth aspect of the present invention, in the third or fourth
aspect, the supercharged internal combustion engine may be a spark-ignition internal
combustion engine, which includes EGR valve control means for controlling an EGR
valve opening degree in accordance with a basic required EGR valve opening degree
that is in accordance with an engine operating condition. The basic required
compressor rotational speed may be determined based on the basic required EGR valve
opening degree in addition to the engine speed and the engine load parameter. The
EGR valve control means may control the EGR valve opening degree at a time that re-
striction of the compressor rotational speed is performed by the compressor control
means after introduction of EGR gas starts, in accordance with a first required EGR
valve opening degree that is less than the basic required EGR valve opening degree.
The first required EGR valve opening degree may be an EGR valve opening degree
corresponding to an EGR gas amount that is capable of being introduced under a su-
percharging pressure that is obtained under a situation in which the compressor ro-
tational speed is set to a compressor rotational speed that is less than or equal to the
predetermined rotational speed and that is an EGR gas amount that is capable of being
introduced while suppressing a change in an intake air amount between before and
after opening of the EGR valve.

Further, according to a sixth aspect of the present invention, in the third or fourth
aspect, the supercharged internal combustion engine may be a spark-ignition internal
combustion engine, which includes EGR valve control means for controlling an EGR
valve opening degree in accordance with a basic required EGR valve opening degree
that is in accordance with an engine operating condition. The basic required
compressor rotational speed may be determined based on the basic required EGR valve
opening degree in addition to the engine speed and the engine load parameter. The
EGR valve control means may control the EGR valve opening degree at a time that re-

striction of the compressor rotational speed is performed by the compressor control
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means after introduction of EGR gas starts, in accordance with a second required EGR
valve opening degree that is less than an EGR valve opening degree corresponding to
an EGR gas amount that is capable of being introduced under a supercharging pressure
that is obtained under a situation in which the compressor rotational speed is set to the
predetermined rotational speed. The compressor control means may restrict the
compressor rotational speed after introduction of EGR gas starts, in accordance with a
first required compressor rotational speed that is capable of suppressing a change in an
intake air amount between before and after opening of the EGR valve when using the
second required EGR valve opening degree.

Further, according to a seventh aspect of the present invention, in the fifth or sixth
aspect, when an intake air temperature is less than or equal to the dew-point tem-
perature or a temperature that is higher by a predetermined margin than the dew-point
temperature, the compressor control means may determine that the temperature of the
EGR valve is less than or equal to the dew-point temperature or a temperature that is
higher by a predetermined margin than the dew-point temperature.

Further, according to an eighth aspect of the present invention, in the seventh aspect,
even when a first case applies in which introduction of EGR gas is started under a
situation in which the intake air temperature is less than or equal to the dew-point tem-
perature or a temperature that is higher by a predetermined margin than the dew-point
temperature, in a second case in which an elapsed time period from a time at which the
EGR valve is closed during engine operation is less than a time period from the time at
which the EGR valve is closed until water droplets attach to a surface of the EGR
valve, the compressor control means may control the compressor rotational speed after
introduction of EGR gas starts, in accordance with the basic required compressor ro-
tational speed. Even when the first case applies, in the second case the EGR valve
control means may control the EGR valve opening degree after introduction of EGR
gas starts, in accordance with the basic required EGR valve opening degree.

Further, according to a ninth aspect of the present invention, in the seventh aspect,
even when a first case applies in which introduction of EGR gas is started under a
situation in which the intake air temperature is less than or equal to the dew-point tem-
perature or a temperature that is higher by a predetermined margin than the dew-point
temperature, in a third case in which the temperature of the EGR valve at engine
startup that is estimated based on an engine cooling water temperature or an engine lu-
bricating oil temperature is higher than the dew-point temperature or a temperature that
is higher by a predetermined margin than the dew-point temperature, the compressor
control means may control the compressor rotational speed after introduction of EGR
gas starts, in accordance with the basic required compressor rotational speed. Even

when the first case applies, in the third case the EGR valve control means may control
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the EGR valve opening degree after introduction of EGR gas starts, in accordance with
the basic required EGR valve opening degree.

Further, according to a tenth aspect of the present invention, in the third or fourth
aspect, when an intake air temperature is less than or equal to the dew-point tem-
perature or a temperature that is higher by a predetermined margin than the dew-point
temperature, the compressor control means may determine that the temperature of the
EGR valve is less than or equal to the dew-point temperature or a temperature that is
higher by a predetermined margin than the dew-point temperature.

Further, according to an eleventh aspect of the present invention, in the tenth aspect,
even when introduction of EGR gas is started under a situation in which the intake air
temperature is less than or equal to the dew-point temperature or a temperature that is
higher by a predetermined margin than the dew-point temperature, in a case in which
an elapsed time period from a time at which the EGR valve is closed during engine
operation is less than a time period from the time at which the EGR valve is closed
until water droplets attach to a surface of the EGR valve, the compressor control means
may control the compressor rotational speed after introduction of EGR gas starts, in ac-
cordance with the basic required compressor rotational speed.

Further, according to a twelfth aspect of the present invention, in the tenth aspect,
even when introduction of EGR gas is started under a situation in which the intake air
temperature is less than or equal to the dew-point temperature or a temperature that is
higher by a predetermined margin than the dew-point temperature, in a case in which
the temperature of the EGR valve at engine startup that is estimated based on an engine
cooling water temperature or an engine lubricating oil temperature is higher than the
dew-point temperature or a temperature that is higher by a predetermined margin than
the dew-point temperature, the compressor control means may control the compressor
rotational speed after introduction of EGR gas starts, in accordance with the basic
required compressor rotational speed.

According to the first aspect of the present invention, in a case where introduction of
EGR gas is started, the compressor rotational speed is restricted so as not to exceed a
predetermined rotational speed. As described above, if the EGR valve is cold when
starting introduction of EGR gas, there is a possibility that condensed water will be
attached to the surface of the EGR valve. If condensed water is attached to the valve
surface, there is a possibility that when the EGR valve is opened the condensed water
will detach from the EGR valve and flow into the compressor. The occurrence of an
erosion phenomenon in a compressor is attributable to a fact that the relative velocity
between water droplets and the compressor is large and that the inertia (mass) of the
water droplets is large. According to the present invention, when introduction of EGR

gas is started, the aforementioned relative velocity can be lowered by restricting the
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compressor rotational speed. Therefore, by appropriately setting the aforementioned
predetermined rotational speed, the occurrence of an erosion phenomenon at a
compressor that is caused by condensed water from an EGR valve can be suppressed
without requiring a particular addition or change to the hardware configuration.

At a time of cold starting, there is a high possibility of condensed water being
attached to the surface of the EGR valve because the temperature is low. Therefore,
according to the second aspect of the present invention, by adopting a configuration so
as to restrict the compressor rotational speed in a manner that takes a case in which in-
troduction of EGR gas is started for the first time after cold starting as an object, the
occurrence of an erosion phenomenon at an impeller can be effectively suppressed
while reducing as much as possible the occasions in which the restriction is im-
plemented.

According to the third aspect of the present invention, in a case where introduction of
EGR gas is started under a situation in which condensed water has been generated at
the EGR valve that is in a closed state or there is a possibility that such condensed
water has been generated, the compressor rotational speed is restricted so as not to
exceed the predetermined rotational speed. Therefore, according to the present
invention, restriction of the compressor rotational speed can be implemented while
more appropriately ascertaining the situation in which the restriction should be im-
plemented.

According to the fourth aspect of the present invention, a time period in which re-
striction of the compressor rotational speed should be implemented in order to protect
the compressor can be appropriately set.

In a spark-ignition internal combustion engine, an intake air amount is adjusted to
control the engine torque. If the compressor rotational speed is the same before and
after introduction of EGR gas, the intake air amount will decrease in accordance with
the amount of EGR gas that is introduced. According to the fifth aspect of the present
invention, in a configuration that is based on the premise that the compressor rotational
speed is controlled in accordance with a basic required compressor rotational speed
that is determined by taking into consideration a basic required EGR valve opening
degree (that is, a required EGR gas amount), as a countermeasure with respect to the
above described condensed water, the compressor rotational speed after introduction of
EGR gas starts is restricted so as not to exceed the predetermined rotational speed.
Further, accompanying restriction of the compressor rotational speed, the EGR valve
opening degree after introduction of EGR gas starts is reduced to the aforementioned
first required EGR valve opening degree. By this means, the occurrence of an erosion
phenomenon can be suppressed by controlling the compressor rotational speed, while

also suppressing a change in the engine torque that accompanies restriction of the
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compressor rotational speed and introduction of EGR gas.

According to the sixth aspect of the present invention, a second required EGR valve
opening degree is used that is less than the basic required EGR valve opening degree.
The basic required EGR valve opening degree corresponds to an EGR valve opening
degree in a case where EGR gas is introduced while restricting the compressor ro-
tational speed by utilizing the aforementioned predetermined rotational speed itself. By
this means, the flow velocity of EGR gas passing through the EGR valve after in-
troduction of EGR gas starts can be increased. As a result, detachment of water
droplets from the EGR valve can be promoted, and hence a time period in which the
compressor rotational speed should be restricted after introduction of EGR gas starts
can be reduced. Thus, although the EGR gas amount immediately after introducing
EGR gas decreases in comparison to a case of utilizing the aforementioned basic
required EGR valve opening degree, promoting the detachment of water droplets from
the EGR valve makes it possible to ultimately introduce the originally required amount
of EGR gas more quickly.

According to the seventh or tenth aspect of the present invention, whether or not the
situation is one in which condensed water has been generated at the EGR valve can be
determined by utilizing an intake air temperature that can be measured utilizing a tem-
perature sensor that is often mounted in an internal combustion engine.

The EGR valve has a heat capacity. Therefore, after the EGR valve is closed after the
introduction of EGR gas, the temperature of the EGR valve approaches the intake air
temperature as a result of being exposed to low-temperature intake air. According to
the eighth or eleventh aspect of the present invention, in a case in which the existence
or non-existence of condensed water at the EGR valve is determined by using the
intake air temperature as an indicator, under a situation in which condensed water has
not been generated at the EGR valve even though the intake air temperature is low
because only a small period of time has passed since the time point at which the EGR
valve was closed, unnecessary restriction of the compressor rotational speed when
starting introduction of EGR gas can be avoided. In addition, according to the eighth
aspect of the present invention, an unnecessary decrease in the EGR gas can also be
avoided.

The EGR valve has a heat capacity. Therefore, if the internal combustion engine is
stopped, after the EGR valve is closed after the introduction of EGR gas, the tem-
perature of the EGR valve approaches the outdoor air temperature accompanying the
passage of time. According to the ninth or twelfth aspect of the present invention, in a
case in which the existence or non-existence of condensed water at the EGR valve is
determined by using the intake air temperature as an indicator, under a situation in

which condensed water has not been generated at the EGR valve even though the
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intake air temperature is low because only a small period of time has passed since the
time point at which the EGR valve was closed, unnecessary restriction of the
compressor rotational speed when starting introduction of EGR gas can be avoided. In
addition, according to the twelfth aspect of the present invention, an unnecessary
decrease in the EGR gas can also be avoided.

Brief Description of Drawings

[fig.1]Fig. 1 is a view for describing the system configuration of an internal
combustion engine of Embodiment 1 of the present invention.

[fig.2]Fig. 2 is a multiple view drawing for describing specific configuration examples
and arrangement environments of an EGR valve shown in Fig. 1.

[fig.3]Fig. 3 is a multiple view drawing that represents the settings of a throttle opening
degree and a WGV opening degree with respect to an engine load factor that are used
in Embodiment 1 of the present invention, and also represents, from the viewpoint of
the impeller rotational speed, an engine load region in which the occurrence of
condensed water constitutes a problem under the aforementioned settings.

[fig.4]Fig. 4 is a multiple view drawing illustrating time charts for describing an
overview of impeller rotational speed control that is performed taking a region B
shown in Fig. 3 as an object.

[fig.5]Fig. 5 is a flowchart of a routine executed in Embodiment 1 of the present
invention.

[fig.6]Fig. 6 is a view that represents a relation between a turbine rotational speed Nt
and a WGV opening degree under a uniform exhaust gas flow rate.

[fig.7]Fig. 7 is a multiple view drawing for describing a combination between a water
droplet allowable limit rotational speed Ntmax that is determined in accordance with
the diameter of water droplets flowing into a compressor, a WGV opening degree
within a range in which the impeller rotational speed Nt does not exceed Ntmax, and
an EGR valve opening degree.

[fig.8]Fig. 8 is a multiple view drawing illustrating time charts that represent op-
erations when impeller rotational speed control is executed in Embodiment 2 of the
present invention.

[fig.9]Fig. 9 is a flowchart of a routine executed in Embodiment 2 of the present
invention.

[fig.10]Fig. 10 is a flowchart of a routine executed in Embodiment 3 of the present
invention.

[fig.11]Fig. 11 is a flowchart of a routine executed in a variation of Embodiment 3 of
the present invention.

[fig.12]Fig. 12 is a flowchart of a routine executed in Embodiment 4 of the present
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invention.

[fig.13]Fig. 13 is a flowchart of a routine executed in Embodiment 5 of the present
invention.

Description of Embodiments

Embodiment 1

<System configuration of internal combustion engine>

Fig. 1 is a view for describing the system configuration of an internal combustion
engine 10 of Embodiment 1 of the present invention. A system of the present em-
bodiment includes an internal combustion engine (as one example, a spark-ignition
gasoline engine) 10. An intake passage 12 and an exhaust passage 14 communicate
with each cylinder of the internal combustion engine 10.

An air cleaner 16 is installed in the vicinity of an inlet of the intake passage 12. An
air flow meter 18 that outputs a signal in accordance with a flow rate of air that is
drawn into the intake passage 12, and an intake air temperature sensor 20 for detecting
the temperature of intake air are respectively provided in the air cleaner 16. A
compressor 22a of a turbocharger 22 is arranged downstream of the air cleaner 16. The
compressor 22a is integrally connected through a connecting shaft with a turbine 22b
arranged in the exhaust passage 14. Although in this case it is assumed that, as one
example, the compressor 22a is of a type that has a centrifugal impeller, as long as a
compressor that is an object of the present invention is of a type in which a problem
that is described later (an erosion phenomenon with respect to the impeller that is
caused by water droplets colliding with the impeller) arises, the compressor is not
limited to a type that has a centrifugal impeller.

A water-cooled intercooler 24 for cooling air that was compressed by the compressor
22a is provided downstream of the compressor 22a. An electronically controlled
throttle valve 26 is provided downstream of the intercooler 24.

An exhaust gas purification catalyst (as one example, a three-way catalyst) 28 is
arranged in the exhaust passage 14 at a position that is on a downstream side relative to
the turbine 22b. An exhaust bypass passage 30 is also connected to the exhaust passage
14. The exhaust bypass passage 30 connects an inlet side and an outlet side of the
turbine 22b in a manner that bypasses the turbine 22b. A waste gate valve (WGV) 32
for opening and closing the exhaust bypass passage 30 is installed in the exhaust
bypass passage 30. As one example, it is assumed that the WGV 32 is a waste gate
valve that is driven by an electric motor.

The internal combustion engine 10 illustrated in Fig. 1 also includes a low-pressure
loop (LPL) type EGR device 34. The EGR device 34 includes an EGR passage 36 that

connects the exhaust passage 14 on the downstream side of the exhaust gas purification
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catalyst 28 with the intake passage 12 on the upstream side of the compressor 22a. An
EGR cooler 38 and an EGR valve 40 are respectively provided in the EGR passage 36
in that order from an upstream side of a flow of EGR gas when the EGR gas is in-
troduced into the intake passage 12. The EGR cooler 38 is provided for cooling EGR
gas that flows through the EGR passage 36. The EGR valve 40 is provided for
regulating the amount of EGR gas that passes through the EGR passage 36 and re-
circulates to the intake passage 12.

The system illustrated in Fig. 1 also includes an ECU (electronic control unit) 50.
The ECU 50 includes a central processing unit (CPU), a memory circuit constituted by
a ROM and a RAM or the like, and input and output ports and the like. In addition to
the aforementioned air flow meter 18 and intake air temperature sensor 20, various
sensors for detecting the operating state of the internal combustion engine 10 such as a
crank angle sensor 52 for detecting the engine speed, a water temperature sensor 54 for
detecting the engine cooling water temperature, and an oil temperature sensor 55 for
detecting the engine lubricating oil temperature are electrically connected to an input
port of the ECU 50. Furthermore, in addition to the aforementioned throttle valve 26,
WGV 32 and EGR valve 40, various actuators for controlling operations of the internal
combustion engine 10 such as a fuel injection valve 56 for supplying fuel to the
internal combustion engine 10 and an ignition device 58 for igniting an air-fuel
mixture in the cylinders are electrically connected to an output port of the ECU 50. In
addition, an accelerator position sensor 60 for detecting a depression amount of an ac-
celerator pedal (accelerator position) of the vehicle in which the internal combustion
engine 10 is mounted is also connected to the input port of the ECU 50. The ECU 50
controls the operations of the internal combustion engine 10 by actuating the various
actuators in accordance with the output of the various sensors described above and pre-
determined programs.

Fig. 2 is a multiple view drawing for describing specific configuration examples and
arrangement environments of the EGR valve 40 shown in Fig. 1. For example, a
poppet-type EGR valve 40a, a flap-type EGR valve 40b, or a butterfly-type EGR valve
40c that are illustrated in Fig. 2(A) to Fig. 2(C) can be used as the EGR valve 40 of the
present embodiment. According to these configurations, when the EGR valve 40 is in a
closed state the surface of the valve body and the valve stem on the intake passage 12
side is exposed to low-temperature intake air (fresh air). Note that, in the internal
combustion engine 10, the wall surface of the EGR passage 36 and the intake passage
12 around the EGR valve 40 is configured so as to be heated by the engine cooling
water.

<Problem accompanying generation of condensed water on EGR valve surface>

In an initial warm-up stage after commencing startup from a cold state, condensed
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water is liable to be generated if EGR gas is introduced. Therefore, the EGR valve is
normally closed during the initial warm-up stage. However, even if the EGR valve is in
a closed state, high-humidity exhaust gas is present in the EGR passage on the
upstream side of the flow of EGR gas relative to the EGR valve. Consequently, if
moisture contained in the exhaust gas contacts the EGR valve that is cold, in some
cases condensation of moisture occurs on the surface of the EGR valve that is on the
side that is exposed to the exhaust gas, thereby generating condensed water. This fact
similarly applies even in a case where a configuration is adopted so that the wall
surface of a passage around the EGR valve is heated by cooling water as in the config-
urations illustrated in Figs. 2(A) to (C), because the cooling water temperature is low
during the initial warm-up stage.

Further, if the configuration is such that the surface of the EGR valve on the intake
passage 12 side is liable to be directly exposed to intake air while the EGR valve is
closed, as in the configuration illustrated in Fig. 2(A), even if the wall surface of the
passage around the EGR valve is heated, it is difficult for the EGR valve itself to
become warm and also to keep the EGR valve warm. Therefore, even after warming up
is completed, if the EGR valve that is in a closed state is cooled to a temperature that is
less than or equal to the dew-point temperature of exhaust gas (more specifically,
exhaust gas that is present inside the EGR passage on an upstream side relative to the
EGR valve) by low-temperature intake air, condensed water will be generated on the
surface of the EGR valve. Further, unlike the configurations illustrated in Fig. 2(A) to
(C), even in a case where the EGR valve is disposed at a location that is partway along
the EGR passage that is a location that is separated from an end of the EGR passage on
the intake passage side, when the EGR valve is closed, the EGR passage that is on the
downstream side relative to the EGR valve is filled with fresh air due to pulsation of
the intake air. Therefore, although it can be said that the EGR valve is less liable to be
exposed to intake air in comparison to a case where the EGR valve is disposed at the
end of the EGR passage on the intake passage side, even when such an arrangement is
adopted, the EGR valve that is in a closed state is cooled by low-temperature intake
air.

If the EGR valve is opened to perform the introduction of EGR gas without giving
special consideration to the occurrence of condensed water at the EGR valve as
described above, condensed water that has attached to the EGR valve will flow all at
once into the intake passage. More specifically, water droplets that were attached to the
EGR valve will detach from the EGR valve when the valve is opened, and there is the
possibility that water droplets that have a large diameter will flow into the compressor.
If water droplets that have flowed into the intake passage are drawn into the

compressor, there is a concern that the water droplets will collide with the impeller of
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the compressor and an erosion phenomenon will thus occur at the impeller.

The occurrence of an erosion phenomenon at an impeller is caused by the fact that
the relative velocity between water droplets and the impeller is large and that the
inertia (mass) of the water droplets is also large. That is, the occurrence of the afore-
mentioned phenomenon is due to the fact that an impulse that the impeller receives
from the water droplets is large. Accordingly, it can be said that the occurrence of an
erosion phenomenon can be prevented by reducing the size of the water droplets that
flow into the compressor or by lowering the rotational speed of the impeller.

<Characteristic impeller rotational speed control of Embodiment 1>

Fig. 3 is a multiple view drawing that represents the settings of the throttle opening
degree and the WGV opening degree with respect to an engine load factor that are used
in Embodiment 1 of the present invention, and also represents, from the viewpoint of
the impeller rotational speed, an engine load region in which the occurrence of
condensed water constitutes a problem under the aforementioned settings.

(Method for controlling throttle valve and WGV as premise of impeller rotational
speed control)

First, a case in which EGR gas is not introduced (solid line) will be described. As
shown in Fig. 3(A) and Fig. 3(B), in a region on a low load side, the engine load factor
(intake air amount) is controlled by adjusting the throttle opening degree in a state in
which the WGV 32 has been fully opened. That is, in this region, the throttle valve 26
is opened in accordance with an increase in a required engine load factor. In this
region, since the WGV opening degree is constant, the impeller rotational speed only
increases slightly with respect to an increase in the engine load factor.

In a region on a high load side relative to an engine load factor at which the throttle
opening degree becomes the full opening degree, the WGV 32 is controlled to the
closing side in accordance with an increase in the required engine load factor while the
throttle opening degree remains constant. By the WGV 32 being closed relative to the
full opening degree in this manner, the turbine 22b is rotated by exhaust energy and
actual supercharging is started. As a result, the impeller rotational speed increases ac-
companying a decrease in the WGV opening degree.

Next, a case in which EGR gas is introduced (broken line) is described. The in-
troduction of EGR gas is implemented not only in a natural aspiration region in which
the WGV 32 is opened fully, but also in one part of a supercharging region in which
the WGV 32 is closed relative to the full opening degree. The basic method for con-
trolling the throttle valve 26 and the WGV 32 in a case where EGR gas is introduced is
the same as the case where EGR gas is not introduced. However, when introduction of
EGR gas is performed, in order to enable the internal combustion engine 10 to produce

torque that is equivalent to the torque produced when EGR gas is not introduced, the
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throttle opening degree is made greater than the degree thereof in a case where EGR
gas is not introduced under the same engine load factor. Accordingly, when the engine
load factor is a low value in comparison to the value thereof when EGR gas is not in-
troduced, the throttle opening degree becomes the full opening degree. The WGV 32 is
therefore configured so that the WGV 32 begins to close at a lower engine load factor
than a value in the case where EGR gas is not introduced. Note that, the degree of di-
vergence of the broken line relative to the solid line for each of the throttle opening
degree and the WGV opening degree shown in Fig. 3(A) and Fig. 3(B), respectively, is
a degree of divergence at a certain EGR rate, and the degree of divergence increases as
the EGR rate that is used increases.

Therefore, for the above described reasons, within an engine load region that is at-
tainable accompanying the introduction of EGR gas, the impeller rotational speed
during EGR gas introduction becomes higher overall in comparison to when EGR gas
is not introduced. Specifically, in a non-supercharging region (natural aspiration
region) on the low load side, the impeller rotational speed during EGR gas introduction
becomes higher than that at a time when EGR gas is not introduced because the throttle
opening degree is made relatively larger for ensuring the same engine load factor.
Further, during EGR gas introduction, a value of the engine load factor at which the
impeller rotational speed begins to exhibit a significant increase because of the start of
supercharging changes to the low load side in comparison to when EGR gas is not in-
troduced.

(Engine load region that is object of impeller rotational speed control)

In the control of the present embodiment, a water droplet allowable limit rotational
speed (hereunder, also referred simply to as "limit rotational speed") Ntmax is set with
respect to the impeller rotational speed. The water droplet allowable limit rotational
speed Ntmax is a value that is set in advance so as to include a predetermined margin
as an impeller rotational speed at which the occurrence of an erosion phenomenon is
not a concern even if condensed water that was attached to the closed EGR valve 40
flows into the compressor 22a when the EGR valve 40 is opened. In other words, the
water droplet allowable limit rotational speed Ntmax is a compressor rotational speed
that is allowed in a case where it is supposed that droplets of condensed water that
were attached to the closed EGR valve 40 will flow into the compressor 22a when the
EGR valve 40 is opened. More specifically, the diameter of water droplets that flow
into the compressor 22a depends on the hardware condition of the internal combustion
engine 10 (for example, the length of the intake passage 12 from a merging portion
with the EGR passage 36 to the compressor inlet). A relation as shown in Fig. 7(A)
that is described later exists between the diameter of the water droplets and the

impeller rotational speed, and the limit rotational speed Ntmax under an assumed
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diameter of the water droplets is determined taking into account the relation in Fig.
7(A). Note that, in the turbocharger 22, the rotational speed of the impeller of the
compressor 22a (that is, the compressor rotational speed) is equal to the turbine ro-
tational speed Nt. Hence, the aforementioned two rotational speeds are not particularly
distinguished from each other in the following description, and are referred to as
"impeller rotational speed Nt" or "turbine rotational speed Nt".

A region A that is illustrated in Fig. 3(C) is an engine load region for which an
engine load factor when the impeller rotational speed Nt reaches the limit rotational
speed Ntmax in a state in which EGR gas is introduced is taken as an upper limit. That
is, the region A is a region in which the impeller rotational speed Nt does not exceed
the limit rotational speed Ntmax even if the impeller rotational speed Nt is increased
for introduction of EGR gas. Accordingly, it can be said that in the region A it is not
necessary to implement a special countermeasure with respect to the inflow of the
above described condensed water into the compressor 22a.

The region B is an engine load region that continues from the region A, and is on a
high load side relative to the region A. An upper limit of the region B is an engine load
factor at which the impeller rotational speed Nt reaches the limit rotational speed
Ntmax in a state in which EGR gas is not introduced. Accordingly, in the region B,
although the impeller rotational speed Nt will not exceed the limit rotational speed
Ntmax if EGR gas is not introduced, the impeller rotational speed will exceed the limit
rotational speed Ntmax when the impeller rotational speed Nt increases accompanying
the introduction of EGR gas.

Therefore, according to the present embodiment, a configuration is adopted so that in
a case where introduction of EGR gas is started under a situation in which the tem-
perature of the EGR valve 40 is less than or equal to a predetermined value X1 and
where the impeller rotational speed Nt that is required when starting the introduction of
the EGR gas is higher than the limit rotational speed Ntmax, the impeller rotational
speed Nt after introduction of EGR gas starts is restricted so as not to exceed the limit
rotational speed Ntmax. Specifically, in this case, a configuration is adopted that
restricts the impeller rotational speed Nt so as not to exceed the limit rotational speed
Ntmax throughout a protection time period T3 after introduction of EGR gas starts.
Further, based on the premise that the throttle valve 26 and the WGV 32 are controlled
according to the control methods illustrated in Fig. 3(A) and Fig. 3(B), this kind of
impeller rotational speed control corresponds to "lowering the impeller rotational
speed Nt to a speed that is less than the limit rotational speed Ntmax throughout the
protection time period T3 after introduction of EGR gas starts in a case where the EGR
valve 40 is opened to start the introduction of EGR gas under a situation in which the

engine load region is in region B and where condensed water is generated at the EGR
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valve 40." Since the present impeller rotational speed control is characteristic control
of the present embodiment, the details thereof will be described later. Note that, an
engine load factor that is a boundary between region A and region B changes as the
EGR rate changes. Accordingly, when the EGR rate changes, the region B that is the
object of the present impeller rotational speed control also changes.

Note that, a region C is an engine load region that continues from the region B, and is
on the high load side relative to the region B. In the region C, the impeller rotational
speed Nt exceeds the limit rotational speed Ntmax in a state in which EGR gas is not
introduced. Accordingly, under a situation in which the engine load region is in the
region C, even if condensed water has been generated at the EGR valve 40 at the time
that introduction of EGR gas starts, the impeller rotational speed Nt cannot be lowered
to a speed that is less than or equal to the limit rotational speed Ntmax. Consequently,
in this case, introduction of EGR gas (opening of the EGR valve 40) is prohibited until
the temperature of the EGR valve 40 rises to a temperature at which condensed water
that is attached to the EGR valve 40 is eliminated (evaporated) or until the engine load
region transitions to the region B or region A that are on the low load side relative to
the region C.

(Overview of impeller rotational speed control)

Fig. 4 is a multiple view drawing illustrating time charts for describing an overview
of the impeller rotational speed control that is performed taking the region B that is il-
lustrated in Fig. 3 as an object. Note that, as one example, Fig. 4 represents a situation
in which introduction of EGR gas is started during warm-up running in a state in which
the accelerator position is made constant (that is, a state in which the torque that the
driver demands with respect to the internal combustion engine 10 is constant).

As shown in Fig. 4(B), during engine warm-up, the engine cooling water temperature
gradually increases, while on the other hand, the intake air temperature (outdoor air
temperature) remains low. When the engine cooling water temperature increases as far
as an EGR permissible water temperature at which the introduction of EGR gas is
permitted, an EGR permission flag is turned "on" as shown in Fig. 4(C). As a result,
introduction of EGR gas is started.

Waveforms that are illustrated by broken lines in Figs. 4(D) to (F) indicate operation
at a normal time (more specifically, at the time of a high intake air temperature at
which condensed water is not generated on the surface of the EGR valve 40 that is in a
closed state). If the EGR valve 40 is opened without giving any particular con-
sideration thereto, the intake air amount will decrease when EGR gas is introduced into
the intake passage 12, and the engine torque will decrease in accompaniment
therewith. The region B is a region in which the engine load factor (intake air amount)

is controlled by adjusting the WGV opening degree as described above. Consequently,
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to avoid a decrease in the intake air amount as described above, the WGV opening
degree is controlled to an opening degree towards the closed side as indicated by the
broken line in Fig. 4(E) accompanying opening of the EGR valve 40 as indicated by
the broken line in Fig. 4(D). When the impeller rotational speed Nt is increased as
indicated by the broken line in Fig. 4(F) by controlling the WGV opening degree in
this manner, the supercharging pressure can be increased so that the intake air amount
does not decrease accompanying the introduction of EGR gas. Note that, a con-
figuration is adopted so that the amount of EGR gas that is introduced into the intake
passage 12 is changed in accordance with the engine cooling water temperature. Con-
sequently, in the control example illustrated in Fig. 4 which assumes that the op-
erations are performed during a warming-up period, after introduction of EGR gas
starts, as the engine cooling water temperature rises together with the passage of time,
the EGR valve opening degree is increased in order to increase the EGR gas amount.
The WGV opening degree is controlled toward the closed side accompanying this
change in the EGR valve opening degree.

In contrast, in a case where condensed water is generated at the EGR valve 40
because the intake air temperature (outdoor air temperature) is low, (more specifically,
in a case where the temperature of the EGR valve 40 is less than or equal to the dew
point of the EGR gas), the WGV opening degree is set so as to become WGVmin that
is a WGYV opening degree corresponding to the limit rotational speed Ntmax under the
current exhaust gas flow rate (see the solid line in Fig. 4(E)). That is, an opening
degree WGVmin that is further on the open side than the WGV opening degree at the
time of normal operation is used. By this means, since the impeller rotational speed Nt
is restricted at the limit rotational speed Ntmax as illustrated by the solid line in Fig.
4(F), the collision speed between water droplets and the impeller when water droplets
flow into the compressor 22a accompanying opening of the EGR valve 40 can be
lowered (that is, an impulse that the impeller receives from water droplets can be
reduced). Consequently, the occurrence of an erosion phenomenon can be prevented.

(Torque adjustment before and after introduction of EGR gas)

If the lift amount (opening degree) of the EGR valve 40 remains at the value thereof
for a time of normal operation at a time when the WGV opening degree has been set to
the opening degree WGVmin that is on the open side as described above as a coun-
termeasure for condensed water, unlike a time of normal operation, the intake air
amount (engine torque) cannot be maintained at a constant amount with respect to
before and after the introduction of EGR gas. More specifically, the supercharging
pressure will decrease if the impeller rotational speed Nt is lowered. If the super-
charging pressure decreases, the intake air amount and the EGR gas amount will also

decrease (that is, the overall amount of gas drawn into the cylinders will decrease). It is
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necessary to reduce the EGR gas amount in order to keep the intake air amount
constant under such a situation. Accordingly, as shown by the solid line in Fig. 4(D),
the EGR valve opening degree is set to a smaller value compared to a normal time. An
EGR valve opening degree EGRI in this case is an opening degree that corresponds to
an EGR gas amount (Gegrl that is described later) that can be introduced under a su-
percharging pressure that is obtained under a situation in which the WGV opening
degree has been controlled to the opening degree WGVmin without changing the
intake air amount before and after opening of the EGR valve 40.

(Protection time period T3 for performing impeller rotational speed control)

As shown in Fig. 4, control of the WGV opening degree and the EGR valve opening
degree for the above described impeller rotational speed control is executed throughout
the predetermined protection time period T3 after introduction of EGR gas starts. The
protection time period T3 is a period in which there is a possibility of water droplets
that were attached to the EGR valve 40 flowing into the compressor 22a after opening
of the EGR valve 40. For example, it is favorable to set the protection time period T3
according to the method described below.

According to the present method, the protection time period T3 for protecting the
impeller is represented as the sum of a valve detachment time period T1 and an intake
pipe transit time period T2. The valve detachment time period T1 is a time period from
a time point at which the EGR valve 40 starts to open until a time point at which water
droplets that are attached to the surface of the closed EGR valve 40 start to detach from
the EGR valve 40 as a result of being drawn by a flow of EGR gas. The intake pipe
transit time period T2 is a time period from a time point at which water droplets start to
detach from the EGR valve 40 until a time point at which the water droplets finish
arriving at the inlet of the compressor 22a.

With regard to the intake pipe transit time period T2, the following three forms (a) to
(c) are assumed as forms of movement of the water droplets after detaching from the
EGR valve 40 and flowing into the intake passage 12. Form (a) is a form in which the
water droplets attach to the wall surface of the intake passage 12, flow along the wall
surface, and arrive at the inlet of the compressor 22a. Form (b) is a form in which
although the water droplets attach to the wall surface of the intake passage 12 and flow
along the wall surface, the water droplets evaporate before arriving at the inlet of the
compressor 22a. Form (c) is a form in which the water droplets fly through the space
inside the intake passage 12 and arrive at the compressor 22a without attaching to the
wall surface of the intake passage 12. It is considered that, in practice, a portion of the
water droplets that flow into the intake passage 12 move in the manner of form (c), and
the remaining water droplets move in the manner of either one of or both of form (a)
and form (b).
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It can be said that whether water droplets that have attached to the wall surface of the
intake passage arrive at the inlet of the compressor or evaporate partway along the
intake passage basically depends on the hardware conditions of the internal
combustion engine (specifically, the length of the intake passage from an EGR gas in-
troduction portion to the compressor). Further, in a case where a configuration is
adopted in which the intake passage on an upstream side of the compressor is heated
by engine cooling water, as in the case of the internal combustion engine 10, it is also
conceivable that whether water droplets flow along the wall surface and arrive at an
inlet of the compressor or evaporate partway along the intake passage changes
depending on the engine cooling water temperature. On the other hand, it can be said
that the time required for water droplets to complete their flight (herein, also referred
to as "time-of-flight T22") in form (c) is substantially short relative to the time required
for water droplets to complete their arrival at the inlet of the compressor via the wall
surface (herein, also referred to as "time-of-sliding T21") in form (a).

Based on the foregoing, it can be said that (1) if the internal combustion engine is an
engine with respect to which, on the basis of a determination based on the hardware
condition that is described above, it can be said that water droplets that attached to the
wall surface of the intake passage do not arrive at the compressor inlet, the time-
of-flight T22 may be treated as the intake pipe transit time period T2. On the other
hand, it can be said that (2) if the internal combustion engine is an engine with respect
to which, on the basis of a determination based on the hardware condition that is
described above, it can be said that water droplets that attached to the wall surface of
the intake passage sometimes arrive at the compressor inlet, the time-of-sliding T21
may be treated as the intake pipe transit time period T2. However, even in the case of
(2), in the case of an internal combustion engine in which whether water droplets flow
along the wall surface and arrive at the compressor inlet or evaporate partway along
the wall surface changes depending on the engine cooling water temperature, a time
period that is used as the intake pipe transit time period T2 may be changed in ac-
cordance with the engine cooling water temperature. Specifically, under a water tem-
perature condition with respect to which it can be said that water droplets evaporate
because the engine cooling water temperature is high, the time-of-flight T22 may be
treated as the intake pipe transit time period T2, and under a water temperature
condition with respect to which it can be said that water droplets arrive at the
compressor inlet because the engine cooling water temperature is low, the time-
of-sliding T21 may be treated as the intake pipe transit time period T2.

(Specific processing in Embodiment 1)

Fig. 5 is a flowchart illustrating a routine that is executed by the ECU 50 in Em-

bodiment 1 of the present invention. Note that the present routine is repeatedly
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executed for each predetermined control period.

In the routine illustrated in Fig. 5, first the ECU 50 determines whether or not a pre-
determined EGR introduction condition (Cegr) is established (step 100). More
specifically, the EGR introduction condition is established when the engine cooling
water temperature is within a predetermined range and a predetermined EGR pro-
hibition condition is not established. Introduction of EGR gas is started accompanying
establishment of the EGR introduction condition.

If it is determined in step 100 that the EGR introduction condition is not established,
the ECU 50 executes normal WGV control (step 102). According to the normal WGV
control, the WGV opening degree is controlled so as to become a required WGV
opening degree in accordance with the current engine load factor and engine speed.
Next, the ECU 50 proceeds to step 103 and sets the required EGR valve opening
degree (EGRreq) to zero. That is, in this case, introduction of EGR gas is not
performed (is prohibited).

In contrast, if it is determined in step 100 that the EGR introduction condition is es-
tablished, the ECU 50 subsequently determines whether or not the temperature of the
EGR valve 40 (TMPegr) is less than or equal to the predetermined value X1 (step 104).
Here, the term "predetermined value X1" refers to a temperature at which condensation
of moisture starts to occur at the EGR valve 40 (that is, the dew-point temperature of
exhaust gas that is present in the vicinity of the EGR valve 40 that is in a closed state).
By performing the processing in the present step 104, it is determined whether or not
the current situation is one in which condensed water has been generated at the EGR
valve 40. Note that, whether the result determined in the present step 104 is affirmative
or negative directly relates to whether or not it is necessary to execute the impeller ro-
tational speed control of the present embodiment. Execution of the present impeller ro-
tational speed control is not limited to a case where it is determined that condensed
water is probably actually generated on the surface of the EGR valve 40 since the EGR
valve temperature is equal to or less than the dew-point temperature of exhaust gas.
That is, the present control may also be executed in a manner that includes a safety
margin so that the control is executed under a situation in which, although the EGR
valve temperature is higher than the dew-point temperature, there is a possibility that
condensed water has been generated on the surface of the EGR valve 40 since the EGR
valve temperature is a temperature that is close to the dew-point temperature. Ac-
cordingly, a temperature that is higher by a predetermined margin with respect to the
aforementioned dew-point temperature of the exhaust gas may also be used as the
above described predetermined value X1. For example, a constant value that was de-
termined in advance can be used as the dew-point temperature of the exhaust gas that

is to be used as the predetermined value X1. However, if it is possible to estimate or
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detect the temperature of exhaust gas that is present in the vicinity of the EGR valve
40, the dew-point temperature may be calculated as a variable value that is based on
the temperature of the exhaust gas. Further, since the dew-point temperature calculated
in this case is the dew-point temperature of exhaust gas that stagnates in the EGR
passage 36 in the vicinity of the EGR valve 40 (that is, gas that includes a fixed
proportion of moisture), a constant value or the like may be used as described above.
However, the dew-point temperature is a value that changes in accordance with the
humidity of the gas. Therefore, a configuration may also be adopted in which the
humidity of the stagnant exhaust gas is detected or estimated, and the dew-point tem-
perature is calculated in a manner that takes the humidity into consideration.

Although means for acquiring the temperature of the EGR valve 40 in step 104 is not
particularly limited, for example, the EGR valve temperature can be estimated as a
value that is calculated by means of a function of the intake air temperature, the engine
cooling water temperature and time. Specifically, a map (not illustrated in the
drawings) that defines a base value T., of the temperature of the EGR valve 40 by
means of a relation with the intake air temperature and the engine cooling water tem-
perature is stored in the ECU 50. Here, the term "base value T.," refers to a steady-
state temperature of the EGR valve 40 when the intake air temperature and the engine
cooling water temperature are each an arbitrary temperature. According to this method,
a value T,, corresponding to the intake air temperature that is detected by the intake air
temperature sensor 20 and the engine cooling water temperature that is detected by the
water temperature sensor 54 is acquired by referring to the map. Based on the value T,,
, a current temperature T, of the EGR valve 40 that changes in a manner that is ac-
companied by a temporal lag upon receiving the influence of a change in the intake air
temperature and engine cooling water temperature is calculated in accordance with
Equation (1). Note that, in Equation (1), T, ; represents the previous value of the tem-
perature of the EGR valve 40, and k represents a smoothing coefficient (O<k<1) that is
set in advance. Further, it is assumed that the water temperature sensor 54 measures the
engine cooling water temperature at a position that has a correlation with the engine
cooling water temperature in the housing of the EGR valve 40.

Ty =T+ (Teo - To)xk ... (1)

Further, the EGR valve temperature that is used in step 104 may be a temperature
that is detected by a sensor if it is possible to do so. Alternatively, for example, as
described later in Embodiment 3, when the intake air temperature is less than or equal
to the predetermined value X1, it may be determined that the situation is one in which
the EGR valve temperature is less than or equal to the predetermined value X1. A tem-
perature at a position that is close to the site at which the EGR valve 40 is disposed

(that is, a position in the vicinity of the compressor inlet) is preferable as the intake air
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temperature referred to in this case. However, as long as the temperature has a cor-
relation with the intake air temperature at the compressor inlet, the intake air tem-
perature at the inlet of the intake passage 12 (nearly equal to outdoor air temperature)
that is detected by the intake air temperature sensor 20 may be substituted for the
intake air temperature at the compressor inlet, or the outdoor air temperature itself may
be used, or a temperature on a downstream side of the compressor may be used.

If it is determined in step 104 that the temperature of the EGR valve is higher than
the predetermined value X1, the ECU 50 proceeds to step 118. In contrast, if it is de-
termined that the temperature of the EGR valve is less than or equal to the prede-
termined value X1, the ECU 50 determines whether or not the current processing cycle
is the first cycle after the EGR valve temperature fell below the predetermined value
X1 (step 106). If the result of the present determination is affirmative, the ECU 50
executes the series of processing in steps 108 to 114. On the other hand, if the result of
the present determination is negative, the ECU 50 proceeds to step 116.

In step 108, the ECU 50 calculates the valve detachment time period T1. The flow
rate of EGR gas that passes through the EGR valve 40 is the dominant factor with
respect to the valve detachment time period T1. Therefore, in this case, the ECU 50
calculates the valve detachment time period T1 in accordance with a map (not il-
lustrated in the drawings) that predefines the valve detachment time period T1 so as to
be a function of the EGR valve opening degree. In this map, the valve detachment time
period T1 is set so as to become shorter as the EGR valve opening degree decreases
(that is, as the flow rate of the EGR gas increases).

In step 110, the ECU 50 calculates the time-of-sliding T21 or the time-of-flight T22
as the intake pipe transit time period T2. For example, the method described above can
be used to determine which of the time-of-sliding T21 and the time-of-flight T22 is to
be calculated in the present step 110. With respect to the time-of-sliding T21, the con-
tribution of the intake air amount (mass flow rate) is large. Consequently, in this case,
the ECU 50 calculates the time-of-sliding T21 in accordance with a map (not 1il-
lustrated in the drawings) that predefines the time-of-sliding T21 so as to be a function
of the intake air amount. In this map, the time-of-sliding T21 is set so as to become
shorter as the intake air amount increases. Furthermore, with respect to the time-
of-flight T22, the contribution of the flow rate of the intake air is large. Further, the
flow rate of intake air is in a proportional relation with the intake air amount. Con-
sequently, in this case, the ECU 50 calculates the time-of-flight T22 in accordance
with a map (not illustrated in the drawings) that predefines the time-of-flight T22 so as
to be a function of the intake air amount. In this map, the time-of-flight T22 is set so as
to decrease as the intake air amount increases.

In step 112, the ECU 50 calculates the protection time period T3 as the sum of the
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valve detachment time period T1 and the time-of-sliding T21, or as the sum of the
valve detachment time period T1 and the time-of-flight T22. Next, the ECU 50
calculates the lower limit value WGVmin of the WGV opening degree that cor-
responds to the limit rotational speed Ntmax under the current exhaust gas flow rate
(step 114).

Fig. 6 is a view that represents the relation between the turbine rotational speed Nt
and the WGV opening degree under the same exhaust gas flow rate. If the exhaust gas
flow rate is constant, as shown in Fig. 6, the turbine rotational speed Nt increases as
the WGV opening degree decreases. In this case, a value that is previously set as a
constant value that does not depend on the operating state (engine speed and engine
load factor) is used as the limit rotational speed Ntmax. Note that, since the limit ro-
tational speed Ntmax is set while taking the size of the aforementioned impulse into
consideration, the limit rotational speed Ntmax may change in accordance with the
amount of condensed water that is generated at the EGR valve 40. Specifically, since
the generated amount of condensed water increases as the temperature of the EGR
valve 40 that is acquired by estimation or the like decreases, the limit rotational speed
Ntmax may be lowered in accompaniment therewith.

The ECU 50 has information (a map or the like) showing the relation between the
turbine rotational speed Nt and the WGV opening degree as shown in Fig. 6 for re-
spective predetermined exhaust gas flow rates, and in the present step 114 the lower
limit value WGVmin corresponding to the limit rotational speed Ntmax is calculated
utilizing the aforementioned relation at the current exhaust gas flow rate. Note that the
exhaust gas flow rate is equivalent to the sum of a total in-cylinder intake gas amount
Gceyl and the fuel injection amount under a steady state, and can be calculated as the
sum of the intake air amount Ga that is measured by the air flow meter 18, an EGR gas
amount Gegr, and the fuel injection amount. The EGR gas amount Gegr can be
calculated based on the differential pressure between the intake air and exhaust gas and
the EGR valve opening degree.

Next, the ECU 50 determines whether or not the required WGV opening degree
(WGVreq) is less than the lower limit value WGVmin (step 116). Under a situation in
which EGR gas is introduced when operating in an engine load region that is higher
than or equal to the region B in which the engine load factor is controlled by means of
the WGV opening degree, in order to ensure that the required engine load factor in ac-
cordance with the accelerator position is obtained, the ECU 50 uses processing that is
different to the present routine to sequentially calculate the required WGV opening
degree as a value that is based on an engine load parameter, the engine speed and the
basic required EGR valve opening degree. The engine load factor (in-cylinder air

charging rate) or the intake air amount Ga or the like corresponds to the engine load
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parameter in this case. Further, the WGV opening degree is controlled so as to become
the required WGV opening degree that was calculated. The basic required EGR valve
opening degree is also sequentially calculated by processing that is different to the
present routine. Specifically, the basic required EGR valve opening degree is
calculated as a value that is based on an engine load parameter, the engine speed and
the engine cooling water temperature.

If it is determined in step 116 that the required WGV opening degree is greater than
or equal to the lower limit value WGVmin, the ECU 50 proceeds to step 118 and sets
the required WGV opening degree (WGVreq) using a value in accordance with a
normal instruction (that is, adjustment of the required WGV opening degree is not
performed). Next, the ECU 50 proceeds to step 120 and sets the required EGR valve
opening degree (EGRreq) using a value in accordance with a normal instruction (that
is, the basic required EGR valve opening degree). That is, adjustment of the required
EGR valve opening degree is also not performed.

In contrast, if it is determined in step 116 that the required WGV opening degree is
less than the lower limit value WGVmin (the required WGV opening degree is on the
closed side relative thereto), the ECU 50 determines whether or not the WGV opening
degree (the required WGV opening degree or actual WGV opening degree) im-
mediately prior to the current introduction of EGR gas (WGVnoegr) is less than the
lower limit value WGVmin (step 122). If the result of the present determination is af-
firmative, that is, if the impeller rotational speed Nt immediately prior to the current in-
troduction of EGR gas (that is, in a state where EGR gas is not being introduced) is
already higher than the limit rotational speed Ntmax, the ECU 50 proceeds to step 102.
According to this processing, in a case where impeller rotational speed control cannot
be performed because the engine load region is in the aforementioned region C, in-
troduction of EGR gas is prohibited (step 103).

In contrast, if the result determined in step 122 is negative, the ECU 50 determines
whether or not a continuous time period from the time point at which EGR in-
troduction starts (Tcnt) is shorter than the aforementioned protection time period T3
(step 124). If it is determined as a result that the protection time period T3 has not
elapsed, the ECU 50 changes the required WGV opening degree (WGVreq) to the
lower limit value WGVmin (step 126), and also changes the basic required EGR valve
opening degree to the EGR valve opening degree EGR1 (see Fig. 4(D)) that is in ac-
cordance with the lower limit value WGVmin (step 128). Further, if the protection
time period T3 has elapsed, the processing in steps 118 and 120 is executed.

A case where the EGR introduction condition is established and introduction of EGR
gas is started in a situation in which the temperature of the EGR valve 40 is less than or

equal to the predetermined value X1 corresponds to a case in which there is a pos-
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sibility that condensed water that is attached to the EGR valve 40 that is in a closed
state will flow into the compressor 22a accompanying opening of the EGR valve 40.
According to the routine illustrated in Fig. 5 that is described above, in such a case, if
the required WGV opening degree when EGR gas introduction starts is lower than the
lower limit value WGVmin (is on the closed side relative thereto), the required WGV
opening degree is restricted to the lower limit value WGVmin. Further, this restriction
of the required WGV opening degree continues throughout the protection time period
T3 from the time point at which the introduction of EGR gas starts. The protection
time period T3 is a time period in which there is a possibility that droplets of
condensed water from the EGR valve 40 will flow into the compressor 22a. According
to this impeller rotational speed control, a state in which the impeller rotational speed
Nt becomes higher than the water droplet allowable limit rotational speed Ntmax can
be avoided under a situation in which there is a possibility that the water droplets will
flow into the compressor 22a. By this means, the occurrence of an erosion
phenomenon at the impeller can be prevented by lowering the speed at which the
impeller collides with the water droplets (reducing the impulse), without requiring a
particular addition or change to the hardware configuration. Further, it can be said that
the present control is a countermeasure according to which an inflow of water droplets
that were attached to the closed EGR valve 40 into the intake passage 12 together with
EGR gas when the EGR valve 40 is opened is itself allowed. Therefore, in comparison
to a configuration in which the introduction of EGR gas is simply restricted in order to
suppress the occurrence of an erosion phenomenon, it can be said that the present
countermeasure makes it possible to suppress the occurrence of an erosion
phenomenon while maintaining as much as possible the occasions for introducing EGR
gas (for example, while introducing EGR gas at an early stage during engine warm-
up).

Further, according to the above described routine, the protection time period T3 is
determined based on the valve detachment time period T1 and the intake pipe transit
time period T2 (time-of-sliding T21 or time-of-flight T22). By this means, the
protection time period T3 for which the impeller rotational speed Nt is restricted can be
set to the required minimum time period in a manner that takes into consideration pa-
rameters (in the above described example, the EGR valve opening degree and the
intake air amount) that mainly influence the behavior of water droplets that detach
from the EGR valve 40 and flow into the intake passage 12, and also the form of
movement of the water droplets after the water droplets flow into the intake passage
12. By this means, restriction of the EGR gas amount for suppressing torque changes
that accompany restriction of the impeller rotational speed Nt can also be suppressed to

the required minimum, and hence adverse influences of the present control on NOx
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emissions can be suppressed to a minimum.

Note that, in the above described Embodiment 1, the compressor rotational speed that
is obtained in a state in which the WGV opening degree under an exhaust gas flow rate
at the time of calculating a required WGV opening degree is controlled so as to
become a required WGV opening degree that is calculated in the processing in step
116 corresponds to "basic required compressor rotational speed” in the first aspect of
the present invention, and the water droplet allowable limit rotational speed Ntmax
corresponds to "predetermined rotational speed"” in the first aspect of the present
invention. Further, "compressor control means" in the first aspect of the present
invention is realized by the ECU 50 controlling the WGV 32 so as to become the lower
limit value WGVmin.

In addition, the basic required EGR valve opening degree that is calculated by the
ECU 50 as a value that is based on an engine load parameter, the engine speed and the
engine cooling water temperature corresponds to "basic required EGR valve opening
degree" in the fifth aspect of the present invention, and the EGR valve opening degree
EGRI1 corresponds to "first required EGR valve opening degree" in the fifth aspect of
the present invention. Further, "EGR valve control means" in the fifth aspect of the
present invention is realized by the ECU 50 controlling the EGR valve opening degree
so as to become the EGR valve opening degree EGR1.

Embodiment 2

Next, Embodiment 2 of the present invention will be described referring to Fig. 7 to
Fig. 9.

The system of the present embodiment can be realized by using the hardware con-
figuration illustrated in Fig. 1, and causing the ECU 50 to execute the routine shown in
Fig. 9, described later, instead of the routine shown in Fig. 5.

<Characteristic control of Embodiment 2 (EGR control accompanying impeller ro-
tational speed control)>

Fig. 7 is a multiple view drawing for describing a combination of the water droplet
allowable limit rotational speed Ntmax that is determined in accordance with the
diameter of water droplets that flow into the compressor 22a, a WGV opening degree
in a range in which the impeller rotational speed Nt does not exceed Ntmax, and the
EGR valve opening degree.

An "NG region” and an "OK region" that are shown in Fig. 7(A) represent a region in
which an impeller erosion phenomenon constitutes a problem and a region in which
the impeller erosion phenomenon does not constitute a problem, respectively. Thus, a
relation exists between the diameter of water droplets that is allowed from the
viewpoint of the erosion phenomenon and the impeller rotational speed Nt such that

the limit rotational speed Ntmax decreases as the droplet diameter increases. Further,
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because the diameter of water droplets that can actually be generated in the internal
combustion engine 10 is determined by the hardware conditions of the internal
combustion engine 10 as described in the foregoing, the diameter of the water droplets
can be ascertained in advance by experiment or the like. Accordingly, the limit ro-
tational speed Ntmax can be determined as shown in Fig. 7(A) based on the boundary
line between the NG region and the OK region and the diameter of water droplets that
can actually be generated in the internal combustion engine 10. By this means, the
limit rotational speed Ntmax is defined in accordance with the hardware conditions of
the internal combustion engine 10.

The impeller rotational speed Nt, a supercharging pressure Pim and a total in-
cylinder intake gas amount that is drawn into the cylinders Geyl (= Ga + Gegr) are in a
proportional relation with each other. As described above in Embodiment 1, upon the
introduction of EGR gas, the impeller rotational speed Nt is increased so as not to
cause the intake air amount Ga (engine torque) to change. Therefore, according to the
example in Embodiment 1, while giving consideration so as to ensure that the impeller
rotational speed Nt does not exceed the limit rotational speed Ntmax, the WGV
opening degree is controlled so as to become a lower limit value WGVmin that is less
than the WGV opening degree immediately prior to the introduction of EGR gas. An
EGR gas amount Gegrl shown in Fig. 7(B) is an EGR gas amount that can be in-
troduced under the supercharging pressure Pim that is obtained under a situation in
which the WGV opening degree is set to the lower limit value WGVmin, without
changing the intake air amount Ga before and after opening of the EGR valve 40.

As long as a combination between the WGV opening degree and the EGR valve
opening degree under a condition in which the impeller rotational speed Nt is restricted
so as not to exceed the limit rotational speed Ntmax is a combination that makes the
WGYV opening degree greater than the lower limit value WGVmin (sets the WGV
opening degree to the open side relative to the lower limit value WGVmin), the com-
bination is not limited to the combination (Setting Example 1) between the lower limit
value WGVmin and the EGR valve opening degree EGR1 that is used in Embodiment
1. Setting Example 2 shown in Fig. 7(B) is an example that uses a combination of a
WGYV opening degree WGV2 and an EGR valve opening degree EGR2. The EGR
valve opening degree EGR2 is smaller than the EGR valve opening degree EGR1. The
WGYV opening degree WGV2 is a WGV opening degree at which the intake air amount
Ga is not caused to change between before and after opening of the EGR valve 40
when using the EGR valve opening degree EGR2. According to Setting Example 2, an
EGR gas amount Gegr2 that is less than the EGR gas amount Gegrl of Setting
Example 1 is obtained under the WGV opening degree WGV?2 that is further on the

open side relative to the lower limit value WGVmin. Likewise, a setting in which the
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EGR gas amount is made less than Gegr2 without changing the intake air amount Ga
can also be obtained by setting the WGV opening degree still further to the open side
relative to the WGV opening degree WGV2 while also setting the EGR valve opening
degree still further to the closed side relative to the EGR valve opening degree EGR2.

According to Setting Example 1, it can be said that the maximum EGR gas amount
Gegrl can be secured under a situation in which the impeller rotational speed Nt is re-
stricted so as not to exceed the limit rotational speed Ntmax. On the other hand, by
lowering the EGR valve opening degree, an effect of increasing the flow rate of EGR
gas passing through the EGR valve 40 can be expected. If the flow rate of EGR gas
passing through the EGR valve 40 increases, it is possible to blow off the condensed
water that is attached to the closed EGR valve 40 in a shorter time. That is, the valve
detachment time period T1 will be reduced.

Therefore, according to the present embodiment, the EGR valve opening degree
when executing the impeller rotational speed control is set to the EGR valve opening
degree EGR2 that is less than the EGR valve opening degree EGR1 used in Em-
bodiment 1. Operations of the internal combustion engine 10 when using this EGR
valve opening degree setting will now be described referring to Fig. 8 taking a time
when the engine is being warmed up as an example.

In the control example illustrated in Fig. 8, accompanying the use of the EGR valve
opening degree EGR2, the WGV opening degree WGV?2 that is further on the open
side relative to the lower limit value WGVmin is used. As a result, the impeller ro-
tational speed Nt is controlled to an impeller rotational speed Nt2 that is lower than the
limit rotational speed Ntmax. Since the valve detachment time period T1 is reduced in
comparison to the control of Embodiment 1 by using the EGR valve opening degree
EGR?2, the protection time period T3 for the impeller is shortened. That is, it is possible
to shorten the time period in which the impeller rotational speed control is executed
and to return to the normal WGV opening degree and EGR valve opening degree
control at an earlier timing.

(Specific processing in Embodiment 2)

Fig. 9 is a flowchart illustrating a routine that is executed by the ECU 50 in Em-
bodiment 2 of the present invention. Note that, in Fig. 9, steps that are the same as
steps shown in Fig. 5 according to Embodiment 1 are denoted by the same reference
numerals, and a description of those steps is omitted or simplified.

In the routine illustrated in Fig. 9, if it is determined in step 124 that the protection
time period T3 has not elapsed, the ECU 50 executes the processing in steps 200 and
202 in that order.

In step 200, the ECU 50 changes the required EGR valve opening degree (EGRreq)

from the basic required EGR valve opening degree at a time of starting EGR gas in-
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troduction to the EGR valve opening degree EGR2 (see Fig. 8(D)). The EGR valve
opening degree EGR2 is set as an appropriate value within an EGR valve opening
degree range that is smaller than the EGR valve opening degree EGR1 used in Em-
bodiment 1. The EGR valve opening degree EGR 1 is an EGR valve opening degree at
which the EGR gas amount can be maximized under a condition in which the WGV
opening degree is not closed more than the lower limit value WGVmin. More
specifically, if the EGR valve opening degree is decreased within this EGR valve
opening degree range, the EGR valve opening degree will ultimately arrive at a fully
closed state. As the EGR valve opening degree approaches the fully closed state, the
flow of EGR gas ceases and, as a result, it becomes difficult for water droplets to
detach from the EGR valve 40. Accordingly, an EGR valve opening degree EGR2 that
is previously set based on the results of experimentation or the like is stored in the
ECU 50 as a value that can appropriately increase the flow velocity of gas that passes
through the EGR valve in comparison to a case where the EGR valve opening degree
is set to the EGR valve opening degree EGR1.

In step 202, the ECU 50 changes the required WGV opening degree (WGVreq) at the
time of starting EGR gas introduction to the WGV opening degree WGV2. As
described above, the WGV opening degree WGV?2 is a value that is set in advance as a
WGYV opening degree that does not cause the intake air amount Ga to change between
before and after opening the EGR valve 40 when using the EGR valve opening degree
EGR2.

According to the above described routine illustrated in Fig. 9 also, similarly to the
impeller rotational speed control of Embodiment 1 that is described above, the oc-
currence of an erosion phenomenon at the impeller can be prevented. In addition,
according to the present control, in comparison to the control of Embodiment 1,
although the EGR gas amount immediately after introduction of EGR gas decreases,
ultimately introduction of EGR gas in the amount that was originally required can be
performed at an earlier stage by promoting the detachment of water droplets from the
EGR valve 40.

Note that, in the above described Embodiment 2, the EGR valve opening degree
EGR2 corresponds to "second required EGR valve opening degree" in the sixth aspect
of the present invention, and a compressor rotational speed that is obtained in a state in
which the WGV opening degree under the exhaust gas flow rate at a time of cal-
culating the WGV opening degree WGV?2 is controlled so as to become the WGV
opening degree WGV2 corresponds to "first required compressor rotational speed” in
the sixth aspect of the present invention.

Embodiment 3

Next, Embodiment 3 of the present invention will be described referring to Fig. 10.
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The system of the present embodiment can be realized by using the hardware con-
figuration illustrated in Fig. 1, and causing the ECU 50 to execute the routine shown in
Fig. 10, described later, instead of the routine shown in Fig. 5 of Embodiment 1. Note
that, the control of the present embodiment may be control that is combined with the
control (routine illustrated in Fig. 9) of Embodiment 2.

<Characteristic control in Embodiment 3>

In the present embodiment, it is taken as a premise that whether or not the situation is
that in which the EGR valve temperature becomes less than or equal to the prede-
termined value X1 is determined based on whether or not the intake air temperature is
less than or equal to the predetermined value X1 (see step 301 that is described later).

The EGR valve 40 has a heat capacity. Consequently, with the exception of a time of
cold starting from a state in which the EGR valve temperature is less than or equal to
the predetermined value X1, in a case where the EGR valve 40 was closed in a state in
which the EGR valve 40 had been heated by high-temperature EGR gas while open,
even if the intake air temperature is equal to or less than the predetermined value X1, it
is not the case that the EGR valve temperature immediately becomes less than or equal
to the predetermined value X1. In this case, a water droplet attachment time period T4
is supposed for a case in which, after introduction of EGR gas is paused and the EGR
valve 40 is closed during engine operation, introduction of EGR gas is resumed while
the engine operation is continuing. The water droplet attachment time period T4 is a
time period from a time point at which the EGR valve 40 that was heated by high-
temperature EGR gas while open is closed, until a time point at which water droplets
start to attach to the valve surface due to the closed EGR valve 40 being exposed to
low-temperature intake air.

If the water droplet attachment time period T4 has not elapsed, water droplets do not
attach to the valve surface even in a situation in which the intake air temperature
becomes less than or equal to the predetermined value X1 while the EGR valve 40 is
closed. Because of this, if the aforementioned impeller rotational speed control is
executed at a time that introduction of EGR gas is resumed under such circumstances
in which water droplets do not attach to the valve surface because the water droplet at-
tachment time period T4 has not elapsed, the amount of EGR gas will decrease unnec-
essarily. Therefore, in the present embodiment a configuration is adopted in which,
when the intake air temperature is less than or equal to the predetermined value X1 and
a time period in which the EGR introduction is paused has continued for a period of
time that is equal to or greater than the water droplet attachment time period T4, it is
determined that the situation is one in which condensed water is generated at the EGR
valve 40. Further, in a case where introduction of EGR gas is started at or after a time

point at which the water droplet attachment time period T4 elapses, the aforementioned
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impeller rotational speed control is executed.

(Specific processing in Embodiment 3)

Fig. 10 is a flowchart illustrating a routine that is executed by the ECU 50 in Em-
bodiment 3 of the present invention. Note that, in Fig. 10, steps that are the same as
steps shown in Fig. 5 according to Embodiment 1 are denoted by the same reference
numerals, and a description of those steps is omitted or simplified.

According to the routine shown in Fig. 10, if it is determined in step 100 that the
EGR introduction condition (Cegr) is established, the ECU 50 determines whether or
not the situation is one in which the EGR valve temperature becomes less than or equal
to the predetermined value X1 based on whether or not the intake air temperature
(TMPin) is less than or equal to the predetermined value X1 (step 301). On the other
hand, if it is determined in step 100 that the EGR introduction condition is not es-
tablished, the ECU 50 determines whether or not the time period for which EGR in-
troduction has been paused (EGR cut duration) is equal to or greater than the water
droplet attachment time period T4 (step 300). Attachment of water droplets to the EGR
valve 40 that is at a certain temperature is determined based on the time period for
which the EGR valve 40 is cooled by low-temperature intake air. Consequently, in this
case, the ECU 50 calculates the water droplet attachment time period T4 in accordance
with a map (not illustrated in the drawings) in which the water droplet attachment time
period T4 is previously defined so as to be a function of the intake air temperature and
the intake air amount. In this map, the water droplet attachment time period T4 is set so
as to become shorter as the intake air temperature becomes lower or as the intake air
amount increases. Note that the water droplet attachment time period T4 may be de-
termined in a manner that takes into consideration the EGR valve temperature at the
time point at which the EGR valve 40 is closed.

If the result of the present determination is negative, the ECU 50 proceeds to step
102, while if the result of the present determination is affirmative, the ECU 50
proceeds to step 302. In step 302, since the situation is one in which condensed water
is generated at the EGR valve 40, the ECU 50 sets a condensation flag to "on".

Further, in the present routine, prior to the processing in step 116, the ECU 50 de-
termines whether or not the condensation flag is set to "on" (step 304). If the ECU 50
determines as a result that the condensation flag is "off", the ECU 50 proceeds to step
118. That is, in this case, since the water droplet attachment time period T4 has not yet
elapsed after establishment of the EGR introduction condition, execution of the
impeller rotational speed control is prohibited. On the other hand, if the ECU 50 de-
termines that the condensation flag is "on", the ECU 50 proceeds to step 116. The con-
densation flag is set to "off" after the processing in step 120 is executed (step 306).

According to the routine shown in Fig. 10 that is described above, even in a case
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where the EGR introduction condition is established and introduction of EGR gas is
started under a situation in which the intake air temperature is less than or equal to the
predetermined value X1, the impeller rotational speed control is not executed in a case
where the water droplet attachment time period T4 has not elapsed. By this means, in a
case where a determination as to whether or not the intake air temperature is less than
or equal to the predetermined value X1 is utilized as a simple method for estimating
the EGR valve temperature, unnecessary restriction of the compressor rotational speed
and an unnecessary decrease in the amount of EGR gas can be avoided when starting
introduction of EGR gas.

In the above described Embodiment 3, control that takes into consideration transient
differences between the intake air temperature and the EGR valve temperature after
temporarily stopping the introduction of EGR gas has been described that takes as an
object a case in which the introduction of EGR gas is resumed while operation of the
engine is continuing after the EGR valve 40 was closed to temporarily stop the in-
troduction of EGR gas. However, this control can also be applied to a case in which
operation of the internal combustion engine 10 is stopped after the EGR valve 40 is
closed in order to stop the introduction of EGR gas, and the engine is restarted during a
period up to a time point at which the EGR valve temperature decreases to a tem-
perature that is less than or equal to the predetermined value X1 while operation of the
engine is stopped. That is, while the engine is stopped, although the EGR valve 40 is
not exposed to a flow of low-temperature intake air, the EGR valve temperature
decreases towards the outdoor air temperature with the passage of time. The EGR
valve temperature while the engine is stopped can be estimated based on the engine
cooling water temperature or the engine lubricating oil temperature by ascertaining in
advance the relation between the EGR valve temperature and the engine cooling water
temperature or engine lubricating oil temperature. By using this estimation method, the
EGR valve temperature can be estimated at the time point at which engine startup is
started. Thus, as described hereunder with reference to Fig. 11, a configuration may be
adopted so that the above described impeller rotational speed control is not performed
in a case where the estimated value of the EGR valve temperature when starting the
engine is higher than the predetermined value X1, even in a case where introduction of
EGR gas is started under a situation in which the intake air temperature is less than or
equal to the predetermined value X1.

Fig. 11 is a flowchart illustrating a routine that is executed by the ECU 50 in a
variation of Embodiment 3 of the present invention. Note that, in Fig. 11, steps that are
the same as steps shown in Fig. 10 according to Embodiment 3 are denoted by the
same reference numerals, and a description of those steps is omitted or simplified.

According to the routine shown in Fig. 11, if it is determined in step 100 that the
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EGR introduction condition (Cegr) is not established, the ECU 50 determines whether
or not the temperature of the EGR valve 40 at the time of engine startup (TMPegrsta)
is less than or equal to the predetermined value X1 (step 400). As described above, the
temperature of the EGR valve 40 at the time of engine startup can be estimated based
on the engine cooling water temperature that is detected by the water temperature
sensor 54 or based on the engine lubricating oil temperature that is detected by the oil
temperature sensor 55.

If the result determined in step 400 is that the temperature of the EGR valve 40 at
engine startup is less than or equal to the predetermined value X1, the condensation
flag is set to "on" (step 302). In contrast, if the result determined in step 400 is that the
temperature of the EGR valve 40 at engine startup is higher than the predetermined
value X1, the condensation flag is not set to "on". Therefore, if the temperature of the
EGR valve 40 at engine startup is higher than the predetermined value X1, even in a
case where the results determined in step 100 and step 301 that are performed in that
order are affirmative (that is, even in a case where introduction of EGR gas is started
under a situation in which the intake air temperature is less than or equal to the prede-
termined value X1 (dew-point temperature)), the result of the determination in step 304
is negative because the condensation flag is not set to "on". Therefore, restriction of the
impeller rotational speed Nt by the processing in step 126 is not performed. Further, in
this case, because the result of the determination in step 304 is negative, decreasing of
the EGR valve opening degree by the processing in step 128 is also not performed.

It is preferable that the following points are also taken into consideration in the above
described control. That is, in a case where the engine cooling water temperature at
engine startup is lower than the EGR permissible water temperature, a time difference
that corresponds to the amount of time required for the engine cooling water tem-
perature to increase as far as the EGR permissible water temperature arises between a
time point at which engine startup commences and a time point at which the EGR in-
troduction condition is established. Because the EGR valve 40 is exposed to the flow
of intake air after engine startup, in a case where the above described time difference
has arisen, a difference arises between the EGR valve temperature that is estimated
based on the engine cooling water temperature or the like and the EGR valve tem-
perature at the time point at which the EGR introduction condition is established. Con-
sequently, a situation can arise in which although the EGR valve temperature at the
time point at which startup commences is higher than the predetermined value X1, the
EGR valve temperature at the time that the EGR introduction condition is established
thereafter becomes less than or equal to the predetermined value X1. On the other
hand, a change in the EGR valve temperature after commencing startup can be as-

certained based on the relation between the intake air temperature, the intake air
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amount and the elapsed time period at the time point at which startup commences. Ac-
cordingly, in order to accurately estimate the EGR valve temperature at the time that
the EGR introduction condition is established, with respect to the EGR valve tem-
perature at the time of engine startup that is estimated based on the engine cooling
water temperature and the like, it is preferable to take into consideration an EGR tem-
perature correction amount that is based on the intake air temperature, the intake air
amount and the elapsed time period from the time point at which startup commences.

Embodiment 4

Next, Embodiment 4 of the present invention will be described referring to Fig. 12.

The system of the present embodiment can be realized by using the hardware con-
figuration illustrated in Fig. 1, and causing the ECU 50 to execute the routine shown in
Fig. 12, described later, instead of the routine shown in Fig. 5 of Embodiment 1.

<Characteristic control of Embodiment 4>

In the above described Embodiments 1 to 3, in a case where the temperature of the
EGR valve 40 at the time of starting introduction of EGR gas when the EGR in-
troduction condition is established is less than or equal to the predetermined value X1
(the dew-point temperature of exhaust gas present in the vicinity of the EGR valve 40
that is in a closed state), a configuration is adopted so that the impeller rotational speed
Nt is restricted so as not to exceed the water droplet allowable limit rotational speed
Ntmax by restricting the required WGV opening degree to an amount that is less than
or equal to the lower limit value WGVmin.

The control of the compressor rotational speed (impeller rotational speed Nt) in the
present invention is executed for the purpose of suppressing the occurrence of an
erosion phenomenon that is caused by condensed water that is generated on the surface
of the EGR valve 40 flowing into the compressor 22a when the EGR valve 40 is
opened, and is not necessarily limited to control that is implemented in the above
described manner. Specifically, as described below referring to Fig. 12, the present
control may be control that is simply implemented in a manner that restricts the
impeller rotational speed Nt so as not to exceed the water droplet allowable limit ro-
tational speed Ntmax when introduction of EGR gas is started, without determining
whether or not the temperature of the EGR valve 40 is less than or equal to the prede-
termined value X1. This is because, even when implemented in this manner, the above
described purpose can be achieved under a situation in which condensed water is
actually being generated at the EGR valve 40.

(Specific processing of Embodiment 4)

Fig. 12 is a flowchart illustrating a routine that is executed by the ECU 50 in Em-
bodiment 4 of the present invention. The present routine is the same as the routine

shown in Fig. 5 in Embodiment 1 except that the present routine does not include step
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104 in which the ECU 50 determines whether or not the temperature of the EGR valve
40 is less than or equal to the predetermined value X1, and includes step 500 instead of
step 106.

The processing in step 500 is processing that determines whether or not the current
processing cycle is the first processing cycle after the EGR introduction condition was
established. Note that, a configuration may also be adopted in which the processing in
steps 200 and 202 in the routine shown in Fig. 9 that is described above is executed
instead of the processing in steps 126 and 128 in the present routine. That is, a con-
figuration may also be adopted in which, based on the control of Embodiment 2,
control of the impeller rotational speed Nt is performed without determining whether
or not the temperature of the EGR valve 40 is less than or equal to the predetermined
value X1.

According to the processing of the routine shown in Fig. 12, under a situation in
which it was determined in step 100 that the EGR introduction condition (Cegr) was
established, if it is determined in step 116 that the required WGV opening degree is
less than the lower limit value WGVmin, except for a case in which the impeller ro-
tational speed Nt immediately prior to the current introduction of EGR gas is already
higher than the limit rotational speed Ntmax (a case where the result determined in step
122 is affirmative), the impeller rotational speed Nt is restricted so as not to exceed the
water droplet allowable limit rotational speed Ntmax (step 126).

Embodiment 5

Next, Embodiment 5 of the present invention will be described referring to Fig. 13.

The system of the present embodiment can be realized by using the hardware con-
figuration illustrated in Fig. 1, and causing the ECU 50 to execute the routine shown in
Fig. 13, described later, instead of the routine shown in Fig. 5 of Embodiment 1.

<Characteristic control of Embodiment 5>

Control of the compressor rotational speed (impeller rotational speed Nt) according
to the present invention may also be control that is implemented in the manner
described hereunder with reference to Fig. 13 instead of being implemented in the
manner described above in Embodiments 1 to 4. Specifically, similarly to Embodiment
4, the control of the compressor rotational speed of the present embodiment is also
performed without determining whether or not the temperature of the EGR valve 40 is
less than or equal to the predetermined value X1. In addition, the control of the present
embodiment differs from the control of Embodiment 4 in the respect that the impeller
rotational speed Nt is restricted so as not to exceed the water droplet allowable limit
rotational speed Ntmax, only when introduction of EGR gas is started for the first time
after cold starting of the internal combustion engine 10.

At a time of cold starting, there is a high possibility that condensed water is attached
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to the surface of the EGR valve 40 because the temperature is low. Therefore, by
adopting a configuration so as to restrict the impeller rotational speed Nt in a manner
that takes, as an object, only a time when introduction of EGR gas is started for the
first time after cold starting, the occurrence of an erosion phenomenon at the impeller
can be effectively suppressed while reducing as much as possible the occasions when
the restriction is implemented.

(Specific processing in Embodiment 5)

Fig. 13 is a flowchart illustrating a routine that is executed by the ECU 50 in Em-
bodiment 5 of the present invention. The present routine is the same as the routine
shown in Fig. 5 in Embodiment 1 except that the present routine does not include step
104 in which the ECU 50 determines whether or not the temperature of the EGR valve
40 is less than or equal to the predetermined value X1, and includes steps 600 and 602
instead of step 106.

The processing in step 600 determines whether or not establishment of the EGR in-
troduction condition (Cegr) in step 100 is the first time the EGR introduction condition
was established after cold starting of the internal combustion engine 10. Whether or
not starting of the internal combustion engine 10 is cold starting can be determined
based on the engine cooling water temperature when starting (for example, based on
whether or not the engine cooling water temperature at the time of starting is a tem-
perature that is equivalent to the outdoor air temperature). The processing in step 602
determines whether or not the current processing cycle is the first processing cycle
after the result determined in step 600 is affirmative. Note that the processing in steps
200 and 202 in the routine illustrated in Fig. 9 that is described above may be executed
instead of the processing in steps 126 and 128 in the present routine. That is, a con-
figuration may also be adopted in which, based on the control of Embodiment 2,
control of the impeller rotational speed Nt is performed at a time that introduction of
EGR gas is first performed after cold starting, without determining whether or not the
temperature of the EGR valve 40 is less than or equal to the predetermined value X1.

According to the processing of the routine shown in Fig. 13, under a situation in
which it is determined that the EGR introduction condition was established for the first
time after cold starting by the processing in step 100 and 600, if it is determined in step
116 that the required WGV opening degree is less than the lower limit value WGVmin,
except for a case in which the impeller rotational speed Nt immediately prior to the
current introduction of EGR gas is already higher than the limit rotational speed Ntmax
(case where the result determined in step 122 is affirmative), the impeller rotational
speed Nt is restricted so as not to exceed the water droplet allowable limit rotational
speed Ntmax (step 126).

In Embodiments 1 to 3, which have been described above, the present invention were
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described by taking as an example the internal combustion engine 10 in which the
impeller rotational speed (compressor rotational speed) Nt can be adjusted by adjusting
the WGV opening degree. However, control of the compressor rotational speed by
"compressor control means"” in the present invention is not limited to control that
utilizes the WGV 32. That is, for example, if an internal combustion engine is
equipped with a turbocharger that includes a variable nozzle that can vary the velocity
of exhaust gas that flows into a turbine, instead of control of the WGV opening degree,
the control of a compressor rotational speed of the present invention may be performed
utilizing control of the variable nozzle that is based on the same concept. Further, for
example, if the internal combustion engine includes a compressor of a type that is
driven by an electric motor (including a configuration in which the compressor of a
turbocharger is assisted by an electric motor), a configuration may be adopted in which
the compressor is directly driven by the electric motor to perform the control of the
compressor rotational speed of the present invention.

Further, although the control of Embodiment 2 is directed towards a spark-ignition
internal combustion engine that controls the engine torque by adjusting the intake air
amount Ga, an internal combustion engine that is the object of the control of Em-
bodiments 1 and 3 is not limited to a spark-ignition engine, and may be a compression-
ignition engine.

Furthermore, in Embodiment 1 a configuration is adopted that is based on the
premise of performing control that increases the compressor rotational speed (impeller
rotational speed Nt) to suppress changes in the intake air amount Ga at a time of in-
troducing EGR gas. However, it is not essential for the control of the compressor ro-
tational speed according to the present invention (in particular, in a case where the
present invention is applied to a compression-ignition internal combustion engine) to
be performed on the premise of increasing the compressor rotational speed ac-
companying the introduction of EGR gas. That is, for example, under a situation in
which a change in the engine torque is suppressed by, for example, an increase in the
fuel injection amount at a time of introducing EGR gas in a compression-ignition
internal combustion engine, the control may be control that restricts the compressor ro-
tational speed as necessary to serve purely as a countermeasure to the occurrence of
condensed water, without adjusting the compressor rotational speed for the purpose of
adjusting the engine torque. In addition, with respect to a spark-ignition internal
combustion engine also, in a case where the intake air amount Ga (engine torque) is
being controlled based on the premise of using control by a method other than the
method of controlling the throttle opening degree and WGV opening degree illustrated
in Fig. 3(A) and Fig. 3(B), if it is possible to adjust the intake air amount Ga before

and after introduction of EGR gas by a method other than adjusting the compressor ro-
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tational speed (for example, by adjusting the throttle opening degree, the ignition
timing, the intake valve timing, or the exhaust valve timing), it is not always necessary
to adjust the compressor rotational speed to adjust the engine torque. This fact
similarly applies under a situation in which, due to a reason such as an EGR gas
amount that is scheduled for a time of starting introduction of EGR gas being small, at
least one part of the amount of a change in the engine torque that is caused by re-
striction of the compressor rotational speed accompanying introduction of EGR gas is
allowed. Accordingly, the forms of the compressor rotational speed control that is an
object of the present invention is not limited to control that restricts the amount of
increase in the impeller rotational speed Nt so as not to exceed the water droplet
allowable limit rotational speed Ntmax in a situation in which the impeller rotational
speed Nt should originally be raised in such a manner as indicated by the broken line
shown in Fig. 4(F) to adjust the engine torque accompanying introduction of EGR gas.
That is, for example, the control may, under a situation in which the compressor ro-
tational speed immediately before the introduction of EGR gas is being controlled so
as to be higher than the water droplet allowable limit rotational speed Ntmax, restrict
the compressor rotational speed so as to become less than or equal to the water droplet
allowable limit rotational speed Ntmax at a time of starting the introduction of EGR
gas.

In addition, particularly in the case of a compression-ignition internal combustion
engine, if it is possible to perform engine torque adjustment even though EGR gas is
introduced in an amount that was originally scheduled, restriction of the compressor
rotational speed as a condensed water countermeasure may be performed as necessary

without decreasing the EGR valve opening degree.
Further, in the above described Embodiments 1 to 3, the impeller rotational speed Nt

during the protection time period T3 is controlled to a constant speed by controlling the
WGYV opening degree to become the lower limit value WGVmin or controlling the
WGYV opening degree WGV2 to become a constant value. However, as long as the
compressor rotational speed that is being restricted after introduction of EGR gas starts
is controlled so as not to exceed the water droplet allowable limit rotational speed, the
compressor rotational speed is not necessarily limited to a speed that is controlled at a
constant speed.
Reference Signs List

10 Internal combustion engine

12 Intake passage

14 Exhaust passage

16 Air cleaner
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18 Air flow meter

20 Intake air temperature sensor
22 Turbocharger

22a Compressor

22b Turbine

24 Intercooler

26 Throttle valve

28 Exhaust gas purification catalyst
30 Exhaust bypass passage

32 Waste gate valve (WGV)

34 EGR device

36 EGR passage

38 EGR cooler

40 (40a to 40c) EGR valve

50 ECU (Electronic Control Unit)
52 Crank angle sensor

54 Water temperature sensor

56 Fuel injection valve

58 Ignition device

60 Accelerator position sensor
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Claims

A supercharged internal combustion engine, comprising:

a compressor configured to supercharge intake air;

an EGR passage connecting an intake passage on an upstream side
relative to the compressor with an exhaust passage;

an EGR valve provided in the EGR passage and regulating an amount
of an EGR gas that flows through the EGR passage; and

compressor control means for controlling a compressor rotational speed
in accordance with a basic required compressor rotational speed that is
determined based on an engine speed and an engine load parameter,
wherein, when introduction of EGR gas is started in a case where the
basic required compressor rotational speed is higher than a prede-
termined rotational speed, the compressor control means restricts the
compressor rotational speed after introduction of EGR gas starts so that
the compressor rotational speed becomes less than or equal to the pre-
determined rotational speed.

The supercharged internal combustion engine according to claim 1,
wherein, when introduction of EGR gas is started for a first time after
cold starting of the internal combustion engine in a case where the
basic required compressor rotational speed is higher than the prede-
termined rotational speed, the compressor control means implements
the restriction of the compressor rotational speed.

The supercharged internal combustion engine according to claim 1,
wherein, when introduction of EGR gas is started under a situation in
which a temperature of the EGR valve is less than or equal to a dew-
point temperature of exhaust gas that is present in the EGR passage
while the EGR valve is closed or a temperature that is higher than the
dew-point temperature by a predetermined margin in a case in which
the basic required compressor rotational speed is higher than the prede-
termined rotational speed, the compressor control means implements
the restriction of the compressor rotational speed.

The supercharged internal combustion engine according to claim 3,
wherein, the compressor control means restricts the compressor ro-
tational speed after introduction of EGR gas starts until a time period,
which is a sum of a time period from a time point at which the EGR
valve opens until a time point at which water droplets start to detach

from the EGR valve and a time period from the time point at which
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water droplets start to detach from the EGR valve until a time point at
which water droplets finish arriving at an inlet of the compressor,
passes.

The supercharged internal combustion engine according to claim 3 or 4,
the supercharged internal combustion engine being a spark-ignition
internal combustion engine, further comprising:

EGR valve control means for controlling an EGR valve opening degree
in accordance with a basic required EGR valve opening degree that is
in accordance with an engine operating condition,

wherein the basic required compressor rotational speed is determined
based on the basic required EGR valve opening degree in addition to
the engine speed and the engine load parameter,

wherein the EGR valve control means controls the EGR valve opening
degree at a time that restriction of the compressor rotational speed is
performed by the compressor control means after introduction of EGR
gas starts, in accordance with a first required EGR valve opening
degree that is less than the basic required EGR valve opening degree,
and

wherein the first required EGR valve opening degree is an EGR valve
opening degree corresponding to an EGR gas amount that is capable of
being introduced under a supercharging pressure that is obtained under
a situation in which the compressor rotational speed is set to a
compressor rotational speed that is less than or equal to the prede-
termined rotational speed and that is an EGR gas amount that is capable
of being introduced while suppressing a change in an intake air amount
between before and after opening of the EGR valve.

The supercharged internal combustion engine according to claim 3 or 4,
the supercharged internal combustion engine being a spark-ignition
internal combustion engine, further comprising:

EGR valve control means for controlling an EGR valve opening degree
in accordance with a basic required EGR valve opening degree that is
in accordance with an engine operating condition,

wherein the basic required compressor rotational speed is determined
based on the basic required EGR valve opening degree in addition to
the engine speed and the engine load parameter,

wherein the EGR valve control means controls the EGR valve opening
degree at a time that restriction of the compressor rotational speed is

performed by the compressor control means after introduction of EGR
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gas starts, in accordance with a second required EGR valve opening
degree that is less than an EGR valve opening degree corresponding to
an EGR gas amount that is capable of being introduced under a super-
charging pressure that is obtained under a situation in which the
compressor rotational speed is set to the predetermined rotational
speed, and

wherein the compressor control means restricts the compressor ro-
tational speed after introduction of EGR gas starts, in accordance with a
first required compressor rotational speed that is capable of suppressing
a change in an intake air amount between before and after opening of
the EGR valve when using the second required EGR valve opening
degree.

The supercharged internal combustion engine according to claim 5 or 6,
wherein, when an intake air temperature is less than or equal to the
dew-point temperature or a temperature that is higher by a prede-
termined margin than the dew-point temperature, the compressor
control means determines that the temperature of the EGR valve is less
than or equal to the dew-point temperature or a temperature that is
higher by a predetermined margin than the dew-point temperature.

The supercharged internal combustion engine according to claim 7,
wherein, even when a first case applies in which introduction of EGR
gas is started under a situation in which the intake air temperature is
less than or equal to the dew-point temperature or a temperature that is
higher by a predetermined margin than the dew-point temperature, in a
second case in which an elapsed time period from a time at which the
EGR valve is closed during engine operation is less than a time period
from the time at which the EGR valve is closed until water droplets
attach to a surface of the EGR valve, the compressor control means
controls the compressor rotational speed after introduction of EGR gas
starts, in accordance with the basic required compressor rotational
speed, and

wherein even when the first case applies, in the second case the EGR
valve control means controls the EGR valve opening degree after in-
troduction of EGR gas starts, in accordance with the basic required
EGR valve opening degree.

The supercharged internal combustion engine according to claim 7,
wherein, even when a first case applies in which introduction of EGR

gas is started under a situation in which the intake air temperature is
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less than or equal to the dew-point temperature or a temperature that is
higher by a predetermined margin than the dew-point temperature, in a
third case in which the temperature of the EGR valve at engine startup
that is estimated based on an engine cooling water temperature or an
engine lubricating oil temperature is higher than the dew-point tem-
perature or a temperature that is higher by a predetermined margin than
the dew-point temperature, the compressor control means controls the
compressor rotational speed after introduction of EGR gas starts, in ac-
cordance with the basic required compressor rotational speed, and
wherein even when the first case applies, in the third case the EGR
valve control means controls the EGR valve opening degree after in-
troduction of EGR gas starts, in accordance with the basic required
EGR valve opening degree.

The supercharged internal combustion engine according to claim 3 or 4,
wherein, when an intake air temperature is less than or equal to the
dew-point temperature or a temperature that is higher by a prede-
termined margin than the dew-point temperature, the compressor
control means determines that the temperature of the EGR valve is less
than or equal to the dew-point temperature or a temperature that is
higher by a predetermined margin than the dew-point temperature.

The supercharged internal combustion engine according to claim 10,
wherein, even when introduction of EGR gas is started under a
situation in which the intake air temperature is less than or equal to the
dew-point temperature or a temperature that is higher by a prede-
termined margin than the dew-point temperature, in a case in which an
elapsed time period from a time at which the EGR valve is closed
during engine operation is less than a time period from the time at
which the EGR valve is closed until water droplets attach to a surface
of the EGR valve, the compressor control means controls the
compressor rotational speed after introduction of EGR gas starts, in ac-
cordance with the basic required compressor rotational speed.

The supercharged internal combustion engine according to claim 10,
wherein, even when introduction of EGR gas is started under a
situation in which the intake air temperature is less than or equal to the
dew-point temperature or a temperature that is higher by a prede-
termined margin than the dew-point temperature, in a case in which the
temperature of the EGR valve at engine startup that is estimated based

on an engine cooling water temperature or an engine lubricating oil
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temperature is higher than the dew-point temperature or a temperature
that is higher by a predetermined margin than the dew-point tem-
perature, the compressor control means controls the compressor ro-
tational speed after introduction of EGR gas starts, in accordance with

the basic required compressor rotational speed.
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[Fig. 4]
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