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SPARK-IGNITED INTERNAL COMBUSTION ENGINE AND METHOD OF

CONTROLLING THE SAME

BACKGROUND OF THE INVENTION

1. Field of the Invention
[0001] The invention relates to a spark-ignited internal combustion engine and a

method of controlling the spark-ignited internal combustion engine.

2. Description of the Related Art

[0002] An available spark-ignited internal combustion engine includes a variable
compression ratio mechanism that changes a mechanical compression ratio, and a
variable valve timing mechanism that controls a valve closing timing at which an intake
valve is closed, wherein during middle or high engine load operation, supercharging is
performed using a supercharger, and in addition, during such middle or high engine load
operation, as a load applied to the engine decreases, the mechanical compression ratio is
increased and the valve closing timing of the intake valve is retarded with an actual
compression ratio kept unchanged (see Japanese Patent Application Publication No.
2004-218522, for example).

{0003] In a spark-ignited internal combustion engine, the state of the gas in. a
combustion chamber in the last stage of a compression stroke immediately before
combustion, such as the pressure and the temperature of the gas in the combustion engine,
signiﬁcaqtly affects the combustion. Specifically, in general, combustion is facilitated
when the pressure and the temperature of the gas in the combustion chamber in the last
stage of a compressior} stroke is high. However, when the pressure and the temperature
of the gas in the combustion chamber are high, knocking can occur. Thus, it is
preferable that the pressure and the temperature of the gas in the combustion chamber be

kept at optimum values that are maximum values within the range in which knocking
1
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does not occur.

[0004] When the actual compression ratio is kept constant as in the case of the
above-described conventional internal combustion engine, the intake gas supplied into
the combustion chamber is always compressed at a constant ratio. However, in this case,
the pressure and the temperature of the gas in the combustion chamber in the last stage of
a compression stroke significantly vary depending on the specific heat ratio of the intake
gas that is supplied into the cylinder, and when the specific heat ratio of the intake gas
that is supplied into the cylinder increases, the pressure and the temperature in the
combustion chamber in the last stage of a compression stroke accordingly increase.
Thus, there is a problem that even when the actual compression ratio is kept constant as
in the case of the above-described conventional internal combustion engine, the pressure
and the temperature of the gas in the combustion chamber cannot be kept at optimum

values.
SUMMARY OF THE INVENTION

[0005] According to an aspect_of the invention, a spark-ignited internal combustion
engine includes a variablé comi)ression‘ratio mechanism that changes a mechanical
compression ratio, which is obtained by dividing a sum of the volume of combustion
. chamber and a piston displacement by the volume of a combustion chamber, and an
actual compression ratio start timing-changing mechanism that changes a start timing at
which actual compression starts. In the engine, an actual compression ratio, which is
obtained by dividing a sum of the volume of combustion chamber and an actual piston
displacement by the volume of the combustion chamber, is changed according to the
specific heat ratio of an intake gas that is supplied into a cylinder.

[0006] According to another aspect of the invention, in a method of controlling a
spark-ignited internal combustion engine, which includes a variable éompressioﬁ'ratio
mechanism that changes a mechanical compression ratio and an actual compression ratio

start timing-changing mechanism that changes a start timing at which actual compression
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starts, an actual compression ratio is changed according to the specific heat ratio of an
intake gas that is supplied into a cylinder,

[0007] With the above aspects of the invention, the state of the gas in a combustion
chamber in the last stage of a compression stroke is kept optimum, and it is therefore

possible to achieve stable and favorable combustion in which knocking does not occur.

BRIEF DESCRIPTION OF THE DRAWINGS

[0008] The foregoing and further features and advantages of the invention will become
apparent from the following description of example embodiments with reference to the
accompanying drawings, wherein like numerals are used to represent like elements and
wherein:

FIG. 1 is an overall view of a spark-ignited internal combustion engine;

FIG. 2 is an exploded perspective view of a variable compression ratio mechanism;

FIGS. 3A and 3B are schematic, sectional side views of an internal combustion
engine;

FiG. 4 shows a variable valve timing mechanism;

FIG. § is a diagram showing the lift amount of an intake valve and an exhaust valve;

FIGS. 6A to 6C are diagrams for describing a mechanical compression ratio, an actual
compression ratio, and an expansion ratio; h

FIG. 7 shows the relation between theoretical thermal efficiency and expansion ratio;

FIGS, 8A and 8B are diagrams for describing a normal cycle and a super high
expansion ratio cycle;

FIG. 9 is a diagram shdwing variations of a mechanical compression ratio eic.
accofding to a load applied to the engine;

FIG. 10 is a diagram showing variations of pressure in a cylinder;

FIG. 11 shows the relation between specific heat ratio K and desired actual
compression ratio;

FIG. 12 is a flowchart for performing operation control; and

FIG. 13 is a diagram showing a map of a valve closing timing, at which an intake

3.
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valve is closed.
DETAILED DESCRIPTION OF EMBODIMENTS

[0009]

FIG. 1 shows a sectional side view of a spark-ignited internal combustion engine.
Referring to FIG. 1, reference numeral 1 indicates a crankcase; 2, a cylinder block; 3, a
cylinder head; 4, a piston; 5, a combustion chamber; 6, a spark plug disposed in a center
portion of a top face of the combustion chamber 5; 7, an intake valve; 8, an intake port; 9,
an exhaust valve; and 10, an exhaust port, respectively. The intake port 8 is connected
to a surge tank 12 via an intake pipe 11. For each intake pipe 11, a fuel injection valve
13 for injecting fuel into the corresponding intake port 8 is disposed. Note that the fuel
injection valve 13 may be disposed on each combustion chamber 5 instead of installing
on each intake pipe 11. |
[0010] The surge tank 12 is connected to an air clegner 15 via an intake duct 14.
Disposed in the intake duct 14 are a throttle valve 17 driven by an actuator 16, and an
intake air amount detector 18 using a hot v;rire, for example. Meanwhile, the exhaust
port 10 is connected to a catalytic converter 20 incorporating a three-way catalyst, for
examplé, via an exhaust manifold 19, and an air-fuel ratio sensor 21 is disposed in the
‘exhaust manifold 19. ‘

. {0611] In the embodiment shown in FIG. 1, a variable compression ratio mechanism A
is provided at the joint portion between the crankcase 1 and the cylinder block 2. The
variable compression ratio mechanism A changes the volume of the combustion chamber
5 that occurs when the piston 4 is positioned at the compression top dead center, by
changing the relative position betweén the crankcase 1 and the cylinder block 2 in the
cylinder axis direction, and in addition, an actual compression start timing-changing
mechanism B that changes the timing at which actual compression starts is provided. In
the embodiment shown. in FIG. 1, the a_ctual compression start timing-changing

mechanism B is a variable valve timing mechanism that controls the valve closing timing,
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at which the intake valve 7 is closed.
[0012] An electronic control unit 30 is a digital computer and includes a read only
memory (ROM) 32, a random access memory (RAM) 33, a microprocessor (CPU) 34, an
input port 35, and an output port 36, which are connected to one another via a
bidirectional bus 31. The output signal from the intake air amount detector 18 and the
output signal from the air-fuel ratio sensor 21 are inputted to the input port 35 via
respective analogue/digital (A/D) converters 37, A load sensor 41 that generates an
output voltage proportional to the amount of depression L of an accelerator pedal 40 is
connected to the accelerator pedal 40, and the output voltage from the load sensor 41 is
inputted to the input port 35 via a corresponding one of the A/D converters 37. In
addition, a crank angle sensor 42 that generates an output pulse every time a crankshaft
turns 30 degrees, for example, is connected to the input port 35. Meanwhile, the output
port 36 is connected to the spark plug 6, the fuel injection valve 13, the throitle
valve-driving actuator 16, the variable compression ratio mechanism A and the variable
valve timing mechanism B, via respective drive circuits 38,
[0013]- FIG. 2 shows an exploded perspective view of the variable compression ratio
mechanism A shown in FIG. 1. FIGS. 3A and 3B show schematic, sectional side views
of an intemai combustion engine. Referring to FIG 2, a plurality of protrusions 50
spaced apart from each other are formed at a lower area of each side wall of the cylinder
block 2, and a cam insertion hole 51 having a circular cross section is formed in each
protrusion 50. Meanwhile, a plurality of protrusions 52 spaced apart from each other
and fitted into the spaces between the corresponding protrusions 50 are formed on the
upper surface of the crankcase 1, and a cam insertion hole 53 having a circular cross
section is formed in each protrusion 52.
[0014] As shown in FIG. 2, a pair of camshafts 54 and 55 are provided, and circular
cams 56 that are rotatably fitted into respective cam insertion holes 51 are fixed to the -
| camshafts 54 and 55. These circular cams 56 are coaxial with the rotation axes of the
camshafts 54 and 55. Meanwhile, an eccentric shaft 57 that is eccentricélly positioned

with respect to the rotational axis of each of the camshafis 54 and 55 is extended between
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each pair of the circular cams 56 as shown by hatching in FIGS. 3A and 3B, and another
circular cam 58 is eccentrically and rotatably fitted onto the eccentric shaft 57. As
shown in FIG. 2, these circular cams 58 are disposed between the circular cams 56, and
each circular cam 58 is rotatably inserted into the corresponding cam insertion hole 533.
[0015] If the circular cams 56 that are fixed to the camshafts 54 and 55 are rofated in
the opposite directions as shown by the solid arrows in FIG. 3A when the mechanism is
in a state as shown in FIG. 3A, the eccentric shafts 57 move to a bottom center position.
Thus, the circular cams 58 rotate in the cam insertion holes 53 in the direction opposite to
the direction in which the circular cams 56 rotate, as shown by the broken arrows in FIG.
3A, and when the eccentric shafts 57 come to the bottom center position as shown in FIG.
3B, the center of the circular cams 58 comes to a position under the eccentric shafts 57.

| [0016] As can be understood by comparing FIGS. 3A and 3B, the relative position
between the crankcase 1 and the cylinder block 2 is determined by the distance between
the center of the circular cams 56 and the center of the circular cams 58. The cylinder
block 2 moves away from the crankcase 1 as the distance between the center of the
circular cams 56 and the center of the circular cams 58 increases. As the cylinder block

. 2moves éway from the crankcase 1, the volume of the combustion chamber 5 that occurs
when the piston 4 is at the compression top dead center increases, and thus it is possible
to change the volume of the combustion chamber 5 that occurs when the piston 4 is at the
compression top dead center, by rotating the camshafts 54 and 55.
[0017] As shown in FIG 2, a pair of worm gears 61 and 62 having spiral teeth directed
oppositely to each other are fixed to a rotary shaft of a driving motor 59 for rotating the
camshafts 54 and 55 in opposlite directions as shown in FIG. 2. Gears 63~ and 64 that
engage with the worm gears 61 and 62 are fixed to ends of the camshafis 54 and 55. In
this embodiment, by driving the driving motor 59, it is possible to change, over a wide

. range, the volume of the combustion chamber 5 that occurs when the piston 4 is at the
compression top dead center. Note that the variable compression ratio mechanism A
shown in FIGS. 1, 2, 3A and 3B is an example, and it is possible to use any type of

variable compression ratio mechanism.
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[0018] FIG. 4 shows the variable valve timing mechanism B that is attached to an end
of a camshaft 70 for driving the intake valve 7 shown in FIG. . Referring to FIG. 4, the
variable valve timing mechanism B includes: a timing pulley 71 that is rotated in the
direction indicated by the arrow by the crankshaft of the engine through a timing belt; a
cylindrical housing 72 that rotates with the timing pulley 71; a rotary shat 73 that rotates
with the intake valve-driving camshaft 70 and can relatively rotate with respect to the
cylindrical housing 72; a plurality of separation walls 74 each extending from the inner
circumferential surface of the cylindrical housing 72 to the outer circumferential surface
of the rotary shat 73; and vanes 75, between the separation walls 74, each vane extending
from the outer circumferential surface of the rotary shat 73 to the inner circumferential
surface of the c.ylindrical housing 72. An advance hydraulic chamber 76 and a retard '
hydraulic chamber 77 are formed on respective sides of each vane 75.
[0019] The control of supply of hydraulic fluid to the hydraulic chambers 76 and 77 is
performed by a hydraulic fluid supply control valve 78. The hydraulic fluid supply
control valve 78 includes: hydraulic ports 79 and 80 that are connected to the hydraulic
chambers 76 and 77, respectively; a supply port 82 for the hydraulic fluid dischafged
from a hydraulic pump 81; a pair of drain ports 83 and 84; and a spool valve 85 that
controls connection and interruption between the ports 79, 80, 82, 83, and 84. |
[0020] When the phase of the cam on the intake valve-driving camshaft 70 should be
advanced, the spool valve 85 is moved rightward in FIG. 4, so that the hydraulic fluid
supplied through the supply port 82 is supplied to the advance fluid chamber 76 through
the hydraulic port 79, and the hydraulic fluid in the retard hydraulic chamber 77 is
discharged through the drain port 84. In this case, the rotary shaft 73 is relatively
rotated with respect to the cylindrical housing 72 in the direction indicated by the arrow. '
{0021] On the other hand, when the phase of the cam on the intake valve-driving
camshaft 70 should be retarded, the'spoof valve 85 is moved leftward in FIG. 4, so that
the hydraulic fluid supplied through the supply port 82 ié supplied to the retard fluid
_chamber 77 through the hydraulic port 80, and the hydraulic fluid in the advance
hydraulic chamber 76 is diécharged through the drain port 83. In this case, the rotary

7
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shaft 73 is relatively rotated with respect to the cylindrical housing 72 in the direction
opposite to the direction indicated by the arrow. | '
[0022] When the spool valve 85 is returned to the neutral position shown in FIG. 4
while the rotary shaft 73 is being relatively rotated with respect to the cylindrical housing
72, the relative rotation of the rotary shaft 73 is stopped and the relative rotational
position of the rotary shaft 73 is maintained as it is. Thus, it is possible to advance and
retard the phase of the cam on the intake valve-driving camshaft 70 by a desired amount
using the variable valve timing mechanism B.
{0023] InFIG. 5, the solid line shows the case where the phase of the cam on the intake
valve-driving camshaft 70 is maximally advanced by the variable valve timing
mechanism B, and the broken line shows the case where the phase of the cam on the
intake valve-driving camshaft 70 is maximally retarded. Thus, it is possible to
selectively set the period, during which the intake valve 7 is 6pened, within the range
between the limit given by the solid line and the Iimit given by the broken line in FIG, 5,
and it is also possible to set the valve closing timiﬁg of the intake valve 7 to a selected
crank angle within the range shown by the arrow C in FIG. 5.
[0024] .The variable valve timing mechanism B shown in FIGS. 1 to 4 is an example,
and it is possible to use various types of variable valve timing mechanisms, such as a
variable valve timing mechanism B that can change the valvé closing timing of an intake
valve with the valve opening timing, at which the intake valve is opened, kept unchanged,
for. example. In this embodiment, the variable valve timing mechanism B is used in
order to change the ‘timing at which actual compression starts. Thus, instead of the
variable valve timing mechanism, any type of actual compression start timing-chaﬁging
, rﬁechanism can be uwsed as long as the actual compression start timing-changing
mechanism can change the timing at which actual compression starts. .
[0025] Next, referring to FIGS. 6A to 6C, meaning of the terms used in this
specification will be described. In FIGS. 6A to 6C, for the purpose of description, an
engine is shown ip which the volume of a combustion chamber is 50 ml, and the piston

displacement is 500 ml. The volume of the combustion chamber in FIGS. 6A to 6C
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means the volume of the combustion chamber that occurs when the piston is at the
compression top dead center.

[0026] FIG. 6A illustrates the mechanical compression ratio. The mechanical
compression ratio is a value automatically determined by the volume of the combustion
chamber and the piston displacement during a compression stroke, and is expressed as
(volume of combustion chamber + piston displacement)/(volume of combustion
chamber). In the case of the example shown in FIG. 6A, the mechanical compression
ratio is (50 ml+500 m])/S0 ml=]1.

[0027] FIG. 6B describes the actual compression ratio. The actual compression ratio is
a value determined by the volume of the combustion chamber and the actual piston
displacement from when an actual compression starts to when the piston reaches the top
dead center, and is expressed as (volume of combustion chamber + actual piston
displacement)/(volume of combustion chamber). Specifically, as shown in FIG. 6B,
even when the piston starts to ascend in a compression stroke, compression is not
actually performed while the intake valve is open, and the actual compression is started
when the intake valve is closed. Thus, the actual compression ratio is expressed as
described above, using the actual piston displacement. In the case of the example
shown in FIG. 6B, the actual compression ratio is (50 mi+450 ml)/50 mi=10. |

[0028] FIG. 6C illustrates the expansion ratio. The expansion ratio is a value
determined by the piston displacement during an expansion stroke and the volume of the
combustion chamber, and is expressed as (volume of combustion chgmber + piston
displacement)/(v.ohime of combustion chambef). In the case of the example shown in
FIG. 6C, the expansion ratio is (50 mi+500 ml)/50 mi=11. A

[0029] Next, referring to FIGS 7, 8A and 8B, the fundamental features of the invention
will be described. FIG. 7 shows the relation between theoretical thermal efficiency and '
expansion ratio. FIGS. 8A aund 8B show the comparison between a normal cycle and a
super high expaﬁsion ratio cycle, whjch are selectively used depending on the load in the
invention. |

[0030] FIG. 8A shows the normal cycle in which the intake valve is'closed near the

9
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bottom dead center and the compression by the piston is started near the intake bottom
dead center. Also in the example shown in FIG. 8A, the volume of the combustion
chamber is 50 m! and the piston displacement is 500 ml as in the case of the example
shown in FIGS. 6A to 6C.  As can be seen from FIG, 84, in the case of the normal cycle,
the mechanical compression ratio is (50 ml+500 mly/50 ml=11, the actual compression
ratio is approximately 11, and the expansion ratio is (50 ml+500 ml)/50 ml=11. Thus, in
the normal internal combustion engine, the mechanical compression ratio, the actual
compression ratio, and 'the expansion ratio are substantially equal to each other.
[0031] In FIG. 7, the solid line shows how the theoretical thermal efficiency changes
when the actual compfession ratio and the expansion ratio are substantially equal to each
other, that is, in the case of the normal cycle. In this case, it can be seen from FIG. 7
that as the expansion ratio increases, that is, the actuél compression ratio increases, the
theoretical thermal efficiency increases. Accordingly, in normal cycles, in order to
increase fhe theoretical themial efficiency, it suffices to increase the actual compression
ratio. However, because of the restriction imposed by the occurrence of knocking
during high engine load operation, the upper limit of the actual compression ratio is about
12, and therefore, the theoretical thermal efficiency cannot be sufficiently increased in
normal cycles.
[0032] Under such circumstanceg the present inventors studied the improvement of the
theoretical thermal efficiency with the mechanical compression ratio and the actual
compression ratio strictly distinguished. As a result, the present inventors have found
that the expansion ratio is dominant in determining the theoretical thermal efficiency, and
the actual compression ratio hardly affects the theoreticdl thermal efficiency.
Specifically, wﬁen the actual compression ratio is increased, although the explosive
power is increased, more energy is required to perform compression. For this reason,
even when the actual compression ratio is increased, the theqretical thermal efficiency is
hardly increaseci. |
[0033] On the other hand, when the expansion ratio is incréased, the period during

which depression force is exerted on the piston during an expansion stroke is elongated,

10



WO 2009/007835 PCT/IB2008/001810

so that the period during which the piston applies a torque to the crankshaft is elongated.
Thus, as the expansion ratio is increased, the theoretical thermal efficiency increases.
The broken line in FIG. 7 shows how the theoretical thermal efficiency changes when the
expansion ratio is increased with the actual compression ratio fixed at 10. As can be
seen from FIG. 7, there is no significant difference between the amount of increase in the
theoretical thermal efficiency when the expansion ratio is increased with the actual
compression ratio maintained at a low value and the amount of increase in the theoretical
thermal efficiency when both the actual compression ratio and the expansion ratio are
increased as shown by the solid line in FIG, 7.
[0034] When the actual compression ratio is maintained at a low value, knocking does
not oceur.  Thus, when the expansion ratio is increased with the actual compression ratio
maintained at a low value, it is possible to significantly increase the theoretical thermal
efficiency while preventing knocking from occurring. FIG. 8B shows an example in
which the expansion ratio is increased while maintaining the actual compression ratio at a
low value with the use of the variable compression ratio mechanism A and fhe variable
valve timing mechalﬁsm B.
[0035] Referring to FIG: 8B, in this example, the volume of the combustion chamber is
reduced from 50 ml to 20 ml by the variable compression ratio mechamism A.
Meanwhile, the intake valve closing timing is retardéd by the variable valve timing
mechanism B so that the actual piston displacement is reduced from 500 ml to 200 ml.
As a result, in this example, the actual compression ratio is (20 ml+200 ml)/20 mi=11,
and the expansion ratio is (20 ml+500 m1)/20 ml=26. In the normal cycle shown in FIG,
8A, the actual compression ratio is approximately 11 and the expansion ratio is 11 as
- described above. In comparison with this case, it can be understood that only the
expansion ratio is increased to 26 in the case shown in FIG, 8B. This is the reason why
such a cycle is called a super high expansion ratio cycle.
[0036] In general, as described above, thermal eﬁiciency is low when the load applied
to the enginel is low in the case of the internal combustion engine. Accordingly, in order-

to improve thermal efficiency, that is, improve fuel economy when a vehicle is running, it
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is necessary to improve the thermal efficiency during low engine load operation.
However, in the case of the super high expansion ratio cycle shown in FIG. 8B, actual
piston displacement during a compression stroke is small, and therefore the amount of
intake air that can be taken into the combustion chamber 5 is small. Thus, the super
high expansion ratio cycle cannot be employed except when the load applied to the
engine is relatively low. Accordingly, in the invention, the super high expansion ratio
cycle shown in FIG, 8B is used during low engine load operation, and the normal cycle
shown in FIG. 8A is used during high engine load operation.
[0037] Next, referring to FIG 9, an entire sequencé of operation control will be
schematically described. FIG. 9 shows the variations, according to the load applied to
the engine, of the mechanical compression ratio, the expansion ratio, the valve closihg
timing of the intake valve 7, the actual compression ratio, the intake air amount, the
opening degree of the throttle valve 17, and the pumping loss. Note that in the
- embodiment of the invention, the average air-fuel ratio in the combustion chamber 5 is
normally feedback-controlled to the stoichiometric air-fuel ratio based on the output
signal from the air-fuel ratio sensor 21 50 as to be able to simultaneously reduce the
unburned HC, CO and NOy in exhaust gas with the use of the three-way catalyst in the
catalytic converter 20.
[0038] As described above, when the engine is operated at a high load, the normal cycle
shown in FIG. 8A is performed. Thus, as shown in FIG. 9, in this case, the mechanical
compression ratio is made low and the expansion ratio is therefore low, and in addition,
as shown by the solid line in FIG. 9, the valve closing timing of the intake valve 7 is
“advanced as shown by the solid line in FIG. 5. In addition, in this case, the intake air
amount is large, and the 6pening degree of the throttle valve 17 is kept fully open or
substantially fully open, so that the pumping loss is zero. | .
[0039] On the other hand, when the engine load decreases as shown in FIG 9, the
mechanical compression ratio accordingly ‘increases, and the expansion ratio -also
increases. In addition, in this case, as the load applied to the engine decreases as shown

by the solid line in FIG. 9, the valve closing timing of the intake valve 7 is retarded so
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that the actual compression ratio is kept substantially unchanged. Note that also in this
case, the throttle valve 17 is kept fully open or substantially fully open, and the amount of
intake air that is supplied into the combustion chamber § is therefore controlled not by
using the throttle valve 17 but by changing the valve closing timing of the intake valve 7.
Also in this case, the pumping loss is zero.
[0040] When the engine is operated at a high load and the load applied to the engine
then decreases, the mechanical compression ratio is increased as the amount of intake air
is reduced with the actual compression ratio substantially unchanged. Specifically, the
volume of the combustion chamber 5 when the piston 4 reeiches the compression top dead
center is reduced in proportion to the decrease in the intake air amount. Accordingly,
the volume of the combustion chamber 5 when the piston 4 reaches the compression top
dead center is changed in proportion to the decrease in the intake air amount. This
means that the volume of the combustion chamber 5 when the piston 4 reaches the
compression top dead center is changed in proportion to the amount of fuel because the
air-fuel ratio in the combustion chamber 5 is the stoichiometric air-fuel ratio.
[0041] The mechanical compression ratio is further increased as the engine load further
decreases. When the mechanical compression ratio reaches a predetermined maximum
mechanical compression ratio, the mechanical compression ratio is maintained at the
maximum mechanical compression ratio in th; region in which the load is less than the
engine load L; at which the mechanical compression ratio reaches the maximum
mechanical compression ratio. Thus, during low engine load operation, the mechanical
compression ratio becomes maximum, and the expansion ratlo also becomes maximum,
In other words in the invention, the mechanical compression ratlo is maximized so as to
be able to bring about the maximum expansion ratio during low engine load operation.
[0042] Meanwhile, as shown .by the solid line in FIG. 9, the valve closing timing of the
intake valve 7 is retarded to the limit valve closing timing as the engine load decreases,
the limit valve closing timing givihg the limit within which the amount of intake air that
* is supplied to the combustion chamber 5 can be controlled. Then, the valve closing

timing of the intake valve 7 is maintained at the limit valve closing timing in-the region
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in which the load is less than the engine load L, at which the valve closing timing of the
intéke valve 7 reaches the limit valve closing timing. When the valve closing timing of
the intake valve 7 is méintained at the limit valve closing timing, the intake air amount
cannot be controlled By changing the valve closing timing of the intake valve 7, and it is
therefore necessary to control the intake air amount with the use of alternative means.
[0043] With regard to the embodiment shown in FIG. 9, in this case, that is, in the
region in which the load is less than the engine load L, at which the valve closing timing
of the intake valve 7 reaches the limit valve closing timing, the amount of intake air that
is supplied into the combustion chamber 5 is controlled by the throttle valve 17.
However, when the amount of intake air is controlled using the throttle valve 17,
pumping loss increases as shown in FIG. 9.

[0044] Note that in a region in which the load applied to the engine is lower than the
engine load L, at which the valve closing timing of the intake valve 7 reaches the limit
valve closing timing, the air-fuel ratio may be increased as the engine load decreases with
the throttle valve 17 fully open or substantially fully open in order to prevent such
puﬁpmg loss from occurring. In this case, it is'preferable that the fuel injection valve
13 be disposed on the combustion chamber 5 and stratified charge combustion be
selected.

[0045] Meanwhile, in the éase of the super high exparpsion cycle shown in FIG. 8B, the
expansion ratio is 26 as described above. Higher exy;ansion ratio is desirable. When
the expansion ratio is equal to or higﬁer than 20, a fairly high theoretical thermal
efficiency can be obtained. Thus, in the invention, the variable compression ratio
mechanism A is configured so that the expansion ratio becomes equal to or greater than
20.-

[0646] It is also possible to control the intake air amount without using the throtle
valve 17 by advancing the valve closing timing of the intake valve 7 as the engine load

decreases as shown by the broken line in FIG. 9. Thus, the case shown by the solid line

and the case shown by the broken line in FIG. 9 are collectively described as follows

the embodiment of the invention, the valve closing timing of the intake valve 7 is shifted

14



WO 2009/007835 PCT/IB2008/001810

away from the intake bottom dead center BDC within the range defined by the limit
valve closing timing L; that gives the limit within which the amount of intake air that is
supplied into the combustion chamber can be controlled.
[0047] After the intake valve 7 is closed and compression starts, the pressure P in the
cylinder increases with the variation in the volume V of the space in the cylinder,
according to the adiabatic compression equation (PV¥=constant). In this equation, K
represents the specific heat ratio (specific heat at constant pressure Cy/specific heat at
constant volume C,). As can be seen from the adiabatic compression equation, when
the specific heat ratio K varies, the pressure P in the cylinder in the last stage of a
compression stroke significantly varies because the specific heat ratio K is the exponent
of the volume V of the cylinder.
{0048] FIG. 10 shows variations in the pressure P in the cylinder when various intake
gases with specific heat ratio K are compressed from a certain volume Vs to a certain
volume Vi, that is, at the same actual compression ratio of 10.0. It will be understood
from FIG. 10 that the pressure P in the cylinder when the volume of the space in the
- cylinder becomes a certain volume Vi, that is, the pressure P in the cylinder in the last
stage of a compression stroke, significantly varies depending on the value of the specific
heat ratio K.
' [0049] For this reason, in the invention, the actual compression ratio is changed
acgording to the specific heat ratio K so that the pressure P in the cylinder in the last
stage of a compression stroke becomes the optimum pressure. FIG. 11 shows the
relation between the specific heat ratio K and the desired actual compression ratio in the
case where the press;uxe P in the eylinder in the last stage of a compression stroke
becomes the optimum pressure when the speciﬁq heat ratio K is 1.3 in FIG. 10, for
example. It will be understood from FIG. 11 that in this case, the; higher the specific
heat ratio K of the intake gas that is supplied into the cylinder is, the fower the desired
actual compression ratio is. .
[0050] For this reason, the invention is conﬁgﬁred so that as the specific heat ratio K of

the intake gas that is supplied into the cylinder increases, the desired actual compression
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ratio is reduced. In addition, when the actual compression ratio is brought to the desired
actual compression ratio corresponding to the specific heat ratio K shown in FIG. 11, the
pressure of the intake gas in the combustion chamber in the last stage of a compression
stroke becomes the predetermined desired pressure, In other words, in the invention,
the actual compression ratio is determined based on the specific heat ratio K of the intake
gas so that the pressure of the intake gas in the combustion chamber in the last stage of a
compression stroke becomes the predetermined desired pressure.
[0051] The specific heat ratio K is low when the number of atoms constituting the
molecule is large. For example, when the proportion of recirculated exhaust gas, that is,
"EGR gas in the intake gas is increased, CO,, H,0, etc. which are molecules contained in
the EGR gas increase, and the specific heat ratio K of the intake gas is therefore reduced.
Thus, when the EGR rate is increased, the specific heat ratio K of the intake gas
decreases, and the desired actual compression ratio is therefore raised.
[0052] On the other hand, when the EGR gas is not supplied and the intake gas has a
lean air-fuel ratio, most of the intake gas is Ny, O, etc. which are diatomic .molecules,
and therefore the specific heat ratio K of the intake gas is high: Thus, in this case, the
desired actual compression ratio is raised as compared to the case where the EGR gas is
supplied. As described above, in the invention, the speciﬁ(; heat ratio K-of the intake
gas is determined based on the components of the intake gas, and the desired actual
compression ratio is determined based on the determined specific heat ratio K. Once
the 'd?sired actual compression ratio is determined, the mechanical compression ratio is
controlled so that the actual compression. ratio is brought to the desired actual
' compreséion rgtio. Note that it is preferable that when the value of the specific heat
ratio K is determined, temperature of the intake gas be taken into consideration because
as the temperature of the intake gas increases, the sj)eciﬁc heat ratio K decreases.
[0053] ’F[G. 12 shows an operation control routine. According to FIG. 12, first, the
sbeciﬁc heat ratio K of the intake gas is determined in step 100. Then, in step 101, the
desired actual compression ratio is calculated from the spéciﬁc heat ratio K based on the

relation shown in FIG. 11. Then, in step 102, a valve closing timing IC at which the
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intake valve 7 is closed is calculated based on a map shown in FIG. 13. Specifically, the
valve closing timing IC of the intake valve 7, which is required to supply the required
amount of intake air into the combustion chamber 5, is previously stored in the ROM 32
as a function of engine load L and engine speed N in the form of a map as shown in FIG.
13. The valve closing timing IC of the intake valve 7 is calculated based on the map. .
Next, in step 103, a mechanical compression ratio CR, which is required to bring the
actual compression ratio to the desired actual compression ratio, is calculated. In step
5104, the variable compression ratio mechanism A is controlled so that the mechanical
compression ratio is bfought to the mechanical compression ratic CR, and the variable
valve timing mechanism B is controlled so that the valve closing timing of the intake

valve 7 is brought to the valve closing timing IC.
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CLAIMS (PCT)

1. A spark-ignited internal combustion engine characterized by comprising;

a variable compression ratio mechanism that changes a mechanical compression ratio,
which is obtained by dividing a sum of the volume of combustion chamber and a piston
displacement by the volume of a combustion chamber,; and

an actual compression start timing-changing mechanism that changes a start timing at
which an actual compression starts, wherein

an actual compression ratio, which is obtained by dividing a sum of the volumé of
combustion chamber and an actual piston displacement by the volume of the combustion
chamber, is changed according to a specific heat ratio of an intake gas that is supplied

into a cylinder.

2. The spark-ignited internal combustion engine according to claim 1, wherein
the actual compression ratio is reduced as the specific heat ratio of the intake gas that

is supplied into the cylinder increases.

3. The spark-ignited internal combustion engine according to claim 1 or 2, wherein the
actual compression ratio is determined based on the specific heat ratio of the intake gas
so that a pressure of the intake gas in a combustion chamber in a last stage of a

compression stroke is brought to a predetermined desired pressure.

4. The spark-ignited internal combustion engine,according to any one of claims 1 to 3,
wherein:the actual compression start timing-changing mechanism is a variable valve
timing mechanism that controls a valve closing timing, at which an intake valve is
closed; the variable valve timing mechanism changes the valve closing timing of the
intake valve to control an amount of intake air that is supplied into the combuétion
chambgr; and the actual compression ratio is controlled by changing the mechanical

compression ratio.
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5. The spark-ignited internal combustion engine according to any one of claims 1 to 4,
wherein the mechanical compression ratio is maximized so that a maximum expansion
ratio is achieved while the engine is being operated at a load lower than a predetermined

value, and the maximum expansion ratio is equal to or greater than 20,

6. The spark-ignited internal combustion engine according to any one of claims 1 to 5,
wherein the actual compression ratio is changed according to components of the intake

gas.

7. The spark-ignited internal combustion engine according to claim 6, wherein the

actual compression ratio is changed according to an EGR rate.

8. The spark-ignited internal combustion engine according to claim 6 or 7, wherein the

actual compression ratio is changed according to an air-fuel ratio of the intake gas.

9. A method of controlling a spark-ignited internal combustion engine, which includes
. a variable compression ratio mechanism that changes a mechanical compression ratio,
which is obtained by dividing a sum of the volume of combustion chamber and a piston
displacement by the volume of a combustion chamber, and an actﬁal compfession ratio
start timing-changing mechanism that changes a start timing at which actual compression
staits, the method being characterized by comprising;
changing an actual compression ratio, which is obtained by dividing a sum of the
volume of 'combusti(;n chamber and an actual piston displacement by the volume of the
combustion chamber, according to a specific heat ratio of an intake gas that is supplied

into a cylinder.

10. The method of controlling a spark-ignited internal combustion engine according to

claim 9, wherein
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the actual compression ratio is reduced as the specific heat ratio of the intake gas that

is supplied into the cylinder increases.

11. The method of controlling a spark-ignited internal combustion engine according to
claim 9 or 10, wherein the actual compression ratio is determined based on the specific
heat ratio of the intake gas so that a pressure of the intake gas in a combustion chamber in

a last stage of a compression stroke is brought to a predetermined desired pressure.

12. The method of controlling a spark-ignited internal combustion engine according to
any one of claims 9 to 11, wherein: the actual compression start timing-changing
mechanism is a variable valve timing mechanism that controls a valve closing timing at
which an intake valve is closed; the variable valve timing mechanism changes the valve
closing timing of the intake valve to control an amount of intake air that is. supplied into
the combustion chamber; and the actual compression ratio is controlled by changing the

mechanical compression ratio.

13. The method of controlling a spark-ignited internal combustion engine according to
any one of claims 9 to 12, wherein the mechanical compression ratio is maximized so
that a maximum expansion ratio, which is equal to or greater than 20, is achieved while

the engine is being operated at a load lower than a prédetermﬁled value.

14. The method of controlling a spark-ignited internal combu§ﬁoi1 engine according to
any one of claims 9 to 13, wherein the actual compression ratio is cﬁanged according to

components of the intake gas.

15. The method of controlling a spark-ignited internal combustion engine according to

cléim 14, wherein the actual compression ratio is changed according to an EGR rate.

16. The method of controlling a spark-ignited internal combustion engine according to
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claim 14 or 15, wherein the actual compression ratio is changed according to an air-fuel

ratio of the intake gas.
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