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G7) ABSTRACT

An apparatus is provided which includes an internal com-
bustion engine of a lean-burn type, an NOx catalyst disposed
in an exhaust passage of the engine so as to remove nitrogen
oxides contained in exhaust gas emitted from the engine, and
a variable valve control system capable of changing at least
one of the opening and closing timing and a lift of the intake
valve and/or the exhaust valve for each cylinder of the
engine. The variable valve control system is controlled so
that the exhaust gas to which the NOx catalyst is exposed is
controlled so as to be suitable for removing a selected
gaseous component from the NOx catalyst when the selected
gaseous component should be removed. A method of puri-
fying an exhaust gas emitted from the above engine is also
provided.

11 Claims, 15 Drawing Sheets
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INTERNAL COMBUSTION ENGINE HAVING
VARIABLE VALVE CONTROL SYSTEM AND
NOX CATALYST

INCORPORATION BY REFERENCE

The disclosures of Japanese Patent Applications No.
2000-078986 filed on Mar. 21, 2000 and No. 2000-107101
filed on Apr. 7, 2000, each including the specification,
drawings and abstract, are incorporated herein by reference
in its entirety.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The invention relates in general to an internal combustion
engine installed on a vehicle, such as an automotive vehicle,
and more particularly to an internal combustion engine
which includes a variable valve control system capable of
changing the opening and closing timing and/or a lift of each
of intake and exhaust valves mounted in the engine.

2. Description of Related Art

Internal combustion engines installed on automobiles
have recently been desired to purify exhaust gases emitted
from the engines of harmful gaseous components such as
hydrocarbon (HC), carbon monoxide (CO) and nitrogen
oxides (NOx) contained therein, before the exhaust gases are
released into the atmosphere.

In order to meet the above-indicated demand, a known
technique provides a three-way catalyst in the exhaust
passage of the internal combustion engine. The three-way
catalyst is arranged to reduce or remove hydrocarbon (HC),
carbon monoxide (CO) and nitrogen oxides (NOx) con-
tained in exhaust gases that have a predetermined air/fuel
ratio equal to or close to the stoichiometric air/fuel ratio. For
controlling the air/fuel ratio of the exhaust gases to which
the three-way catalyst is exposed, the air/fuel ratio of an
air-fuel mixture to be introduced into the engine is controlled
in a feedback fashion, so that the exhaust gases emitted from
the engine have the predetermined air-fuel ratio, enabling
the three-way catalyst to purify the exhaust gases of desired
harmful gaseous components.

On the other hand, internal combustion engines of lean-
burn type have been developed for use on automobiles, in an
effort to reduce the required amount of consumption of the
fuel by the engine. The lean-burn type engine is capable of
burning a fuel-lean air-fuel mixture the air/fuel ratio of
which is higher than the stoichiometric value.

The exhaust gases to be emitted from such lean-burn type
internal combustion engines have a relatively high air/fuel
ratio, and contain a relatively small amount of reducing
components such as hydrocarbon (HC), so that nitrogen
oxides (NOx) contained in the exhaust gases can not be
sufficiently reduced or removed by the three-way catalyst
alone.

In view of the above situation, it has been proposed to use
an occlusion-reduction type NOx catalyst disposed in the
exhaust passage of the internal combustion engine. The
occlusion-reduction type NOX catalyst is adapted to occlude
or absorb nitrogen oxides (NOx) contained in fuel-lean
exhaust gases to which the NOx catalyst is exposed when the
exhaust gases have a fuel-lean air/fuel ratio, and to release
the occluded nitrogen oxides (NOx) when the exhaust gases
have a stoichiometric or fuel-rich air/fuel ratio. The released
nitrogen oxides (NOx) are reduced into nitrogen (N,) by
reaction with the reducing agents or components such as
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hydrocarbon (HC) and carbon monoxide (CO) contained in
the exhaust gases.

With the NOx catalyst of the occlusion-reduction type
disposed in the exhaust passage of the lean-burn internal
combustion engine, nitrogen oxides (NOx) contained in the
exhaust gases are occluded or absorbed in the NOx catalyst,
when the fuel-lean exhaust gases are emitted as a result of
combustion of a fuel-lean air-fuel mixture within the engine.

When the internal combustion engine is operated with a
stoichiometric or fuel-rich air-fuel mixture having the sto-
ichiometric air/fuel ratio or an air/fuel ratio lower than the
stoichiometric value, and the exhaust gases emitted from the
engine are stoichiometric or fuel-rich, the occlusion-
reduction type NOX catalyst releases the occluded nitrogen
oxides (NOx), and the released nitrogen oxides are reduced
into nitrogen (N,).

The amount of nitrogen oxides (NOx) that can be
occluded or stored in the occlusion-reduction type NOx
catalyst is limited, and the capacity of the NOx catalyst to
occlude nitrogen oxides (NOX) is saturated after a long
period of operation of the engine with a fuel-lean air-fuel
mixture, leading to a possibility of releasing the nitrogen
oxides into the atmosphere without being reduced.

To avoid the above-indicated possibility, it has been
practiced to perform so-called “rich spike” control when the
NOx occlusion capacity of the occlusion-reduction type
NOx catalyst is saturated during the lean-burn operation of
the engine. In the “rich spike” control, the mode of operation
of the engine is switched from the lean-burn mode to the
rich-burn mode so that the NOx catalyst is exposed to
fuel-rich exhaust gases having a relatively low air/fuel ratio.

However, merely increasing the amount of fuel injection
into the engine undesirably causes a sudden increase of the
output torque of the engine. To prevent this sudden increase,
the fuel injection amount must be increased while the
amount of air to be drawn into the engine is reduced.
Accordingly, the rich spike control requires both of the fuel
injector valve and the throttle valve to be controlled so as to
increase the fuel injection amount while reducing the intake
air amount.

The throttle valve is located some distance apart from the
combustion chamber in each cylinder, and therefore the
actual reduction of the air amount in the combustion cham-
ber to a desired value requires a certain time after the
moment at which the opening of the throttle valve was
reduced. Thus, the switching of the engine operation mode
from the lean-burn mode to the rich-burn mode requires a
relatively long time due to a delayed control response of the
throttle valve.

Further, the throttle valve and the fuel injector valve must
be controlled again after the termination of the rich-spike
control, in order to increase the air amount to be drawn into
the cylinder of the engine and reduce the fuel amount to be
injected into the cylinder. Like the switching of the engine
operation upon initiation of the rich-spike control, the
switching of the engine operation mode from the rich-burn
mode to the lean-burn mode requires a relatively long time
due to a delayed response of the throttle valve after the
termination of the rich-spike control.

Thus, the rich-spike control requires a considerably long
time due to the long periods of time required for switching
the mode of operation of the engine operation between the
lean-burn and rich-burn modes upon initiation and termina-
tion of the rich-spike control. This may cause undesired
deterioration of the driveability of the vehicle and an unnec-
essary increase in the amount of consumption of the fuel.
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Some of the lean-burn internal combustion engines such
as diesel engines and lean-burn gasoline engines use the
above-described NOx catalyst of the occlusion-reduction
type or selective reduction type or other exhaust emission
purifying device for purifying the exhaust gases emitted
therefrom.

The selective reduction type NOx catalyst is a catalyst
capable of reducing or decomposing nitrogen oxides (NOx)
in an oxygen-rich atmosphere, in the presence of hydrocar-
bon (HC). For this selective reduction type NOx catalyst to
be able to reduce or remove NOX, an appropriate amount of
HC component is required. When the selective reduction
type NOx catalyst is used to purify exhaust gases emitted
from the above-indicated lean-burn internal combustion
engines, the selective reduction type NOx catalyst needs to
be supplied with the hydrocarbon (HC) component, since
the amount of the HC component in the exhaust gases
emitted during a normal lean-burn operation of the engine is
extremely small. The supply of the HC component may be
achieved by operating the engine with a fuel-rich or sto-
ichiometric air-fuel mixture so that the exhaust gases emit-
ted from the engine have the stoichiometric air/fuel ratio or
an air/fuel ratio lower than the stoichiometric value.

As discussed above, the occlusion-reduction type NOx
catalyst is adapted to occlude NOx when the emitted exhaust
gases are fuel-lean, and release and reduce the occluded
NOx when the oxygen concentration of the exhaust gases is
reduced.

When the occlusion-reduction type NOx catalyst is used
to purify exhaust gases to be emitted from the lean-burn
internal combustion engines, NOx in the fuel-lean exhaust
gases are occluded in the NOx catalyst during a normal
lean-burn operation of the engine. The NOx cannot be
occluded in the NOx catalyst after the NOx occlusion
capacity of the catalyst is saturated as a result of the
lean-burn operation of the engine for a long time. In this
event, NOx is released into the atmosphere. To avoid this
situation, it is necessary to cause the exhaust gases to be
fuel-rich and to considerably reduce the oxygen concentra-
tion of the exhaust gases, at a suitable point of time before
saturation of the NOx occlusion capacity of the NOx
catalyst, in order to increase the amount of HC as a reducing
agent, release the occluded NOx from the NOx catalyst and
reduce the released NOx into N,,. In this manner, the NOx
catalyst may be able to recover the original NOx occlusion
capacity.

Thus, the emission purifying device utilizing the lean-
burn NOx catalyst requires the supply of hydrocarbon (HC)
as the reducing agent for reducing and removing NOx, and
therefore requires the exhaust gases to be stoichiometric or
fuel-rich from time to time. JP-A-6-17225 discloses one
example of a method of controlling the exhaust gases to be
stoichiometric or fuel-rich, which utilizes an auxiliary or
secondary injection of fuel into the engine.

The auxiliary fuel injection is a fuel injection into the
engine cylinder following the primary fuel injection into the
engine cylinder made for providing the desired output torque
of the engine. The auxiliary fuel injection takes place during
the expansion stroke or exhaust stroke.

However, a portion of the fuel injected into the cylinder
in the secondary fuel injection for the purpose of controlling
the air/fuel ratio of the exhaust gases may be burned in the
cylinder, increasing the output torque of the engine by a
small amount, depending upon the operating condition of
the engine, so that the vehicle drive force is increased with
some shock, resulting in undesirable deterioration of the
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vehicle driveability. In this respect, it is desired to develop
any suitable method of controlling the air/fuel ratio of the
exhaust gases (or increasing HC as the reducing agent),
other than the auxiliary fuel injection.

For controlling the exhaust gases to be stoichiometric or
fuel-rich, there is also known a method in which the air-fuel
mixture introduced into the combustion chamber is con-
trolled to have the stoichiometric air/fuel ratio or an air/fuel
ratio lower than the stoichiometric value. If the air/fuel ratio
of the air-fuel mixture is immediately changed from a value
higher than the stoichiometric value to the stoichiometric or
lower value, however, there may be a risk of misfiring of the
engine due to a delayed mixing of the air and the fuel into
the desired air-fuel mixture.

Accordingly, the air/fuel ratio of the air-fuel mixture must
be sufficiently gradually changed from a lean level (that is
higher than the stoichiometric value) to a rich level (that is
lower than the stoichiometric value).

However, the gradual change of the air/fuel ratio requires
a relatively long time until the desired stoichiometric or
lower air/fuel ratio is reached. During this period of time,
NOx is less likely to be reduced and removed by the
selective reduction type NOx catalyst, or NOx releasing and
reduction is less likely to be effected by the occlusion-
reduction type NOx catalyst. In either of these two types of
NOx catalysts, the NOx reducing/removing capability and
the fuel economy of the engine are undesirably deteriorated.

SUMMARY OF THE INVENTION

It is therefore an object of the present invention to recover
an NOx catalyst used in an internal combustion engine of a
lean-burn type capable of burning an oxygen-rich air-fuel
mixture, such that the NOx catalyst is placed, at an early
opportunity, in a state suitable for reducing or removing
selected gaseous components in exhaust gases emitted from
the engine while the exhaust gases should be purified of the
gaseous components, and such that the amount of consump-
tion of the fuel by the engine is reduced.

To accomplish the above and/or other objects, one aspect
of the present invention provides an apparatus comprising
(a) an internal combustion engine of a lean-burn type
capable of burning an oxygen-rich air-fuel mixture, which
engine includes an intake valve and an exhaust valve for
each of a plurality of cylinders thereof, (b) an NOx catalyst
disposed in an exhaust passage of the internal combustion
engine so as to remove nitrogen oxides contained in an
exhaust gas emitted from the engine, (c) a variable valve
control system capable of changing the opening and closing
timing and/or a lift of at least one of the intake valve and the
exhaust valve for each cylinder of the engine, and (d) a
controller configured to control the variable valve control
system to thereby control the exhaust gas to which the NOx
catalyst is exposed, such that the controlled exhaust gas is
suitable for removing a selected gaseous component from
the NOx catalyst when the selected gaseous component
should be removed.

In the apparatus of the invention constructed as described
above, the controller is adapted to control the variable valve
control system so as to control the exhaust gases emitted
from the engine, such that the controlled exhaust gases
permit the NOx catalyst to be recovered into an optimum
state for reducing or removing the selected gaseous compo-
nents in the exhaust gases that are emitted while the selected
gaseous components should be removed.

The valve heads of the intake and exhaust valves in the
closed states partially define the cylinders (combustion
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chambers) of the engine, and therefore the opening and
closing timings and the amounts of lift of these valves will
directly affect the condition of gases within the cylinders and
the condition of exhaust gases to be emitted from the
cylinders.

Accordingly, the exhaust gases emitted from the engine
can be controlled in a short time by controlling the variable
valve control system such that the controlled exhaust gases
permit the NOx catalyst to be recovered into the state
suitable for reducing or removing the selected components
contained in the exhaust gases. Thus, the operation of the
controller for recovering the NOx catalyst does not require
an intolerably long time.

In particular, the time required for operating the internal
combustion engine with a rich or stoichiometric air/fuel ratio
for the purpose of removing the selected gas component(s)
from the NOx catalyst can be shortened, and therefore the
amount of fuel injected can be minimized, while at the same
time suppressing deterioration of vehicle driveability.

Examples of the selected components to be reduced or
removed from the NOx catalyst include nitrogen oxides
(NOx) and sulfur oxides (SOx).

When the nitrogen oxides (NOx) are to be removed from
the NOx catalyst, at least one reducing agent for reducing
the nitrogen oxides is required. To this end, the controller
may be adapted to control the variable valve control system
such that the exhaust gases emitted form the internal com-
bustion engine contain a large amount of reducing agent or
agents.

The amount of the reducing agents contained in the
exhaust gases can be increased, for example, by operating at
least one of the cylinders of the engine with a fuel-rich
air-fuel mixture having an air/fuel ratio lower than the
stoichiometric value, so that the exhaust gases are fuel-rich,
having a relatively low air/fuel ratio.

When at least one of the cylinders of the internal com-
bustion engine is operated with a fuel-rich air-fuel mixture,
the controller, such as an ECU, may be adapted to control the
variable valve control system so as to shorten the period of
opening of the intake valve of each cylinder in question, for
example, so that the quantity of the air to be drawn into the
cylinder is reduced to lower the air/fuel ratio of the air-fuel
mixture to be burned in the cylinder. To further increase the
amount of the reducing agents to be contained in the exhaust
gases, the controller controls the fuel injection valve so as to
increase the amount of the fuel to be injected into the
cylinder in question, as well as controlling the variable valve
control system so as to shorten the period of opening of the
intake valve.

Although hydrocarbon (HC) is generally a typical reduc-
ing agent for reducing nitrogen oxides (NOx), hydrogen
(H,) and carbon monoxide (CO) which have a higher
reducing ability than hydrocarbon (HC) may also be used as
the reducing agents. Hydrogen (H,) is produced in the
combustion process of the air-fuel mixture, and carbon
monoxide (CO) is produced by oxidization of hydrocarbon
(HC). In view of this fact, the controller may be adapted to
control the variable valve control system such that the
exhaust gases emitted from the engine contain a large
amount of hydrogen (H,) and carbon monoxide (CO).

For instance, the amount of hydrogen (H,) to be contained
in the exhaust gases may be increased by advancing the
moment of opening of the exhaust valve to a point of time
before the moment of initiation of the exhaust stroke of the
piston, that is, to a point of time in the expansion stroke of
the piston, so that the air-fuel mixture being burned is
expelled from the cylinder as part of the exhaust gases.
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The amount of carbon monoxide (CO) to be contained in
the exhaust gases may be increased, for instance, by retard-
ing the moment of opening of the exhaust valve to a point
of time after the moment of initiation of the exhaust stroke
of the piston, so that the gases within the cylinder are
sufficiently oxidized before they are exhausted from the
cylinder.

When sulfur oxides (SOx) are to be removed from the
NOx catalyst, in particular, when SOx poisoning of the NOx
catalyst is to be eliminated, the NOx catalyst need to be
exposed to a hot fuel-rich atmosphere. To this end, the
controller may be adapted to control the variable valve
control system such that the exhaust gases emitted form the
engine are hot and relatively fuel-rich.

The temperature of the exhaust gases may be raised, for
example, by advancing the opening timing of the exhaust
valve of the cylinder in question so that the gases which have
been just burned in the cylinder are discharged from the
cylinder. The air/fuel ratio of the exhaust gases can be
reduced by shortening the period of opening of the intake
valve, by retarding the moment of opening of the intake
valve and/or advancing the moment of closing of the intake
valve, or alternatively by controlling the fuel injector valve
so as to increase the amount of fuel injected into the cylinder.

In the case where the internal combustion engine accord-
ing to the invention is equipped with spark plugs, the
temperature of the burned gases upon opening of the exhaust
valve of the cylinder in question can be further raised by
advancing the moment of opening of the exhaust valve and
retarding the ignition timing of the corresponding spark plug
to retard the moment of combustion of the air-fuel mixture.

The NOX catalyst of the internal combustion engine of the
invention may be, for instance, an NOx catalyst of an
occlusion-reduction type adapted to occlude or absorb nitro-
gen oxides (NOx) contained in fuel-lean exhaust gases to
which the NOx catalyst is exposed, and to release and reduce
the occluded nitrogen oxides (NOx) when the exhaust gases
are stoichiometric or fuel-rich. Alternatively, the NOx cata-
lyst may be of a selective reduction type adapted to reduce
or decompose nitrogen oxides (NOx) contained in the
exhaust gases when the exhaust gases are fuel-lean and
contain a reducing agent or agents.

In the internal combustion engine of the invention, the
variable valve control system is preferably controlled so as
to prevent a variation in the drive torque produced by the
engine, while controlling the exhaust gases such that the
controlled exhaust gases permit the NOx catalyst to be
recovered into its optimum state for reducing or removing
the selected gaseous components.

In the above instance, the selected components can be
removed with a high degree of control response, while
minimizing the drive torque variation of the internal com-
bustion engine.

Another aspect of the invention provides an apparatus
comprising: (a) an internal combustion engine of a lean-burn
type capable of burning an oxygen-rich air-fuel mixture,
which engine includes an intake valve and an exhaust valve
for each of a plurality of cylinders thereof, (b) an NOx
catalyst disposed in an exhaust passage of the internal
combustion engine, (c) a variable valve control system
capable of changing the opening and closing timing of the
exhaust valve for said each cylinder of the engine, and (d)
a controller configured to control the variable valve control
system so as to placed the exhaust valve in an open position
before a moment of initiation of an exhaust stroke of a
corresponding one of the cylinders, when an exhaust gas
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emitted from the corresponding cylinder is desired to con-
tain a reducing component for reducing NOx.

Preferably, the exhaust valve is opened after a moment of
injection of a fuel into the corresponding cylinder.

By opening the exhaust valve within the period between
the moment of the fuel injection and the moment of initiation
of the exhaust stroke, a portion of the fuel injected into a
combustion chamber of the engine can be introduced into
the lean-burn NOx catalyst before that portion of the fuel has
been burned within the combustion chamber. Since the
above control is executed immediately after the controller
determines that the learn-burn NOX catalyst requires a
reducing agent or agents, the purification efficiency of the
catalyst can be improved while minimizing otherwise pos-
sible deterioration of the fuel economy.

In the internal combustion engine including the variable
valve control system according to the second aspect of the
instant invention, the controller is preferably operated to
control the variable valve timing control mechanism such
that the exhaust valve is held open during at least a period
between the moment of the fuel injection and the moment of
ignition of the air-fuel mixture.

However, the exhaust valve may be opened prior to the
moment of initiation of the fuel injection, and may be closed
during the fuel injection. Further, the exhaust valve may be
opened only once or two or more times in one cycle of
operation of the engine.

When the internal combustion engine has a plurality of
cylinders, the above-described control operation to open the
exhaust valve at an appropriate time other than during the
exhaust stroke may be performed with respect to all of the
cylinders or a selected one or ones of the cylinders. When
the engine has a plurality of exhaust valves for one cylinder,
the above-described control operation may be performed
with respect to all of the exhaust valves of the cylinder or for
only a selected one or ones of the exhaust valves.

The variable valve control system provided in the internal
combustion engine according to the first or second aspect of
this invention may include an electromagnetic drive mecha-
nism operable to generate electromagnetic force by appli-
cation of electric current thereto, for bidirectionally moving
the exhaust valves and/or the intake valves. Alternatively,
the variable valve control system may include a hydraulic
drive mechanism operated with a pressurized fluid for
bidirectional movements of the exhaust valves and/or the
intake valves.

In the second aspect of the present invention, the learn-
burn NOx catalyst may be of the occlusion-reduction type or
the selective reduction type.

The selective reduction type of lean-burn NOx catalyst is
interpreted to mean a catalyst adapted to reduce or decom-
pose NOx in exhaust gases emitted as a result of combustion
of a fuel-lean air-fuel mixture, more specifically, to reduce
or decompose NOx contained in an oxygen-rich atmosphere,
in the presence of hydrocarbon. For instance, the lean-burn
NOx catalyst may be a catalyst wherein zeolite carries
ion-exchanged copper (Cu) or other transition metal, or
zeolite or alumina carries a noble metal.

It is to be understood that the invention is applicable to a
lean-burn internal combustion engine, such as diesel engines
and lean-burn gasoline engines.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 a plan view schematically showing an arrangement
of an internal combustion engine including a variable valve
control system according to the invention;
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FIG. 2 is an elevational view in cross section schemati-
cally showing an arrangement of the internal combustion
engine of FIG. 1:

FIG. 3 is a cross-sectional view showing the interior of an
electromagnetic drive mechanism for an intake valve in the
engine;

FIG. 4 is a block diagram showing an electronic control
unit for controlling the engine;

FIG. 5 is a flowchart illustrating a purification assisting
control routine according to a first embodiment of the
invention;

FIG. 6 is a timing chart indicating the opening and closing
timing of intake and exhaust valves in one example of
purification assisting control according to a second embodi-
ment of this invention;

FIG. 7 is a timing chart indicating the opening and closing
timing of the intake and exhaust valves in another example
of the purification assisting control according to the second
embodiment;

FIG. 8 is a flowchart illustrating a purification assisting
control routine executed to effect the purification assisting
control of FIG. 7,

FIG. 9 is a flowchart illustrating a rich-burn cylinder
control routine according to a third embodiment of this
invention;

FIG. 10 is a flowchart illustrating a purification assisting
control routine according to a fourth embodiment of this
invention;

FIG. 11 is an elevational view schematically showing an
internal combustion engine including a variable valve con-
trol system according to a fifth embodiment of the invention;

FIG. 12 is a view showing the interior of an electromag-
netic drive mechanism for an exhaust valve in the engine of
FIG. 11;

FIG. 13 is a block diagram showing an electronic control
unit for controlling the engine of FIG. 11;

FIG. 14 is a graph indicating different conditions of
combustion of air-fuel mixture in relation to the engine
speed and the engine load; and

FIG. 15 is a timing chart indicating the opening and
closing timing of intake and exhaust valves in the engine of
FIG. 11.

DETAILED DESCRIPTION OF PREFERRED
EMBODIMENTS

Referring first to FIGS. 1-5, there will first be described
an internal combustion engine including a variable valve
control system, which engine is constructed according to the
first embodiment of the invention.

In the schematic views of FIGS. 1 and 2, the internal
combustion engine according to the first embodiment is
indicated generally at 1, along with its intake and exhaust
systems. The internal combustion engine 1 is a four-cycle
water-cooled gasoline engine having four cylinders 21.

The internal combustion engine 1 includes a cylinder
block 1b having the four cylinders 21 and cooling passages
1c, and a cylinder head 1a fixed on the cylinder block 1b.

In the cylinder block 1b, a crankshaft 23 serving as an
output shaft of the engine 1 is freely rotatably supported. The
crankshaft 23 is operatively connected, via a connecting rod
19, to a piston 22 which is slidably received in each cylinder

An upper portion of the cylinder 21 cooperates with the
upper end face of the piston 22 and the lower surface of the
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cylinder head 1a, to define a combustion chamber 24. The
cylinder head 1la is provided with four spark plugs 25
attached thereto such that each spark plug 25 is exposed to
the combustion chamber 24 in each cylinder 21. To the spark
plug 25 is electrically connected an igniter 25a for applying
electric current to the spark plug 25.

The cylinder head 1a has two intake ports 26 that are open
at their open ends to the combustion chamber 24 in each
cylinder 21, and two exhaust ports 27 that are open at their
open ends to the combustion chamber 24. The cylinder head
1a is provided with intake valves 28 for opening and closing
the respective open ends of the intake ports 26, and exhaust
valves 29 for opening and closing the respective open ends
of the exhaust ports 27, such that the intake and exhaust
valves 28, 29 are bidirectionally movable in their longitu-
dinal direction.

The cylinder head 1a further incorporates electromagnetic
drive mechanisms 30 for bidirectionally moving the respec-
tive intake valves 28. Each electromagnetic drive mecha-
nism 30 (hereinafter referred to as “intake valve drive
mechanism 307) is adapted to generate electromagnetic
force when its solenoid coil is energized with electric current
applied thereto, as described below in detail. To each elec-
tromagnetic drive mechanism 30 is electrically connected a
driver circuit 30a (hereinafter referred to as “intake valve
driver circuit 30a”) for applying electric current to the
corresponding solenoid.

The cylinder head 1a further incorporates electromagnetic
drive mechanisms 31 for bidirectionally moving the respec-
tive exhaust valves 29. Each electromagnetic drive mecha-
nism 31 (hereinafter referred to as “exhaust valve drive
mechanism 31”) is adapted to generate electromagnetic
force when its solenoid coil is energized with electric current
applied thereto, as described below in detail. To each elec-
tromagnetic drive mechanism 31 is electrically connected a
driver circuit 31 a (hereinafter referred to as “exhaust valve
driver circuit 314”) for applying current to the correspond-
ing solenoid.

The intake valve drive mechanisms 30 and the exhaust
valve drive mechanisms 31 cooperate with each other to
provide a variable valve control system for controlling the
opening and closing timings and the lifts of the intake and
exhaust valves 28, 29.

The intake valve drive mechanisms 30 and the exhaust
valve drive mechanisms 31 will be described in greater
detail. Since these intake and exhaust valve drive mecha-
nisms 30 and 31 are identical in construction with each
other, only the intake valve drive mechanisms 30 will be
described by way of example.

Reference is now made to the cross-sectional view of FIG.
3 showing the intake valve drive mechanism 30 for one of
the intake valves 28. As shown in FIG. 3, the cylinder head
1a includes a lower head 10 fixed to the upper surface of the
cylinder block 1b, and an upper head 11 superposed on the
lower head 10.

The lower head 10 is formed with two intake ports 26 for
each cylinder 21, and each intake port 26 has a valve seat 12
at its open end exposed to the combustion chamber 24. The
intake valve 28 has a valve head 28a which is movable to be
seated on and unseated from the valve seat 12.

The lower head 10 further has a through-hole formed
therethrough, extending from the inner wall of each intake
port 26 to the upper surface of the lower head 10. The
through-hole has a circular shape in cross section, and a
valve guide 13 in the form of a sleeve is partially fitted in this
through-hole. The intake valve 28 has a stem 28b that
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extends through the valve guide 13 such that the intake valve
28 is bidirectionally movable in its longitudinal direction.

The upper head 11 has a core mounting hole 14 which is
concentric with the valve guide 13 and which has a circular
shape in cross section. A first core 301 and a second core 302
are held in engagement with the core mounting hole 14. The
core mounting hole 14 has a lower large-diameter portion
14b which has a relatively large diameter and which is
located on the side of the lower head 10, and an upper
small-diameter portion 14a which has a diameter smaller
than that of the large-diameter portion 14b and which is
located on the side remote from the lower head 10.

The first and second cores 301, 302 are annular members
formed of a soft magnetic material, and are almost entirely
fitted in the upper small-diameter portion 14a of the core
mounting hole 14, such that the two cores 301, 302 are
axially spaced apart from each other with a spacing 303
provided therebetween. The first core 301 has a flange 301a
atits upper end, while the second core 302 has a flange 302a
at its lower end. The first core 301 is inserted into the
small-diameter hole 14a in the downward direction for
abutting contact of its flange 301a with the upper surface of
the upper head 11 in which the small-diameter portion 14a
is open, while the second core 302 is inserted into the
small-diameter hole 14« in the upward direction for abutting
contact of its flange 302a with a shoulder surface formed
between the small-diameter and large-diameter portions
14a, 14b. Thus, the two cores 301, 302 are positioned
relative to the upper head 11, and the spacing 303 is located
at a predetermined axial position within the small-diameter
portion 14a.

An upper cap 305 in the form of a sleeve is disposed on
the upper head 11 and the first core 301. The upper cap 305
has a flange 3054 at its lower end through which screws 304
are inserted for fastening the upper cap 305 to the upper
surface of the upper head 11. With the upper cap 305 thus
fixed to the upper head 11, the annular lower end face of the
upper cap 305 is held in abutting contact with the radially
outer portion of the upper end face of the first core 301, so
that the first core 301 is fixed to the upper head 11.

On the lower side of the second core 302, there is disposed
an annular lower cap 307 which has substantially the same
outside diameter as the diameter of the large-diameter por-
tion 14b of the core mounting hole 14. Screws 306 are
inserted through the lower cap 307 for fastening the lower
cap 307 to the above-indicated shoulder surface of the hole
14, which faces in the downward direction. The lower cap
307 thus fixed to the shoulder surface is held in abutting
contact with the radially outer portion of the lower end face
of the second core 302, so that the second core 302 is fixed
to the upper head 11.

The first core 301 has an annular groove formed in its
lower surface, while the second core 302 has an annular
groove formed in its upper surface. A first solenoid coil 308
and a second solenoid coil 309 are fixedly received in those
annular grooves, respectively. The first and second solenoid
coils 308, 309 are opposed to each other in the axial
direction with the spacing 303 interposed therebetween. The
two solenoid coils 308, 309 are electrically connected to the
intake valve driver circuit 30 indicated above.

An annular armature 311 which has a smaller outside
diameter than the diameter of the space 303 and which is
formed of a soft magnetic material is disposed within the
spacing 303. The annular armature 311 has a central hole
through which an armature shaft 310 extends such that the
armature 311 is fixed on this armature shaft 311. The






















































