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DESCRIPTION
Internal Combustion Engine Control Apparatus

Technical Field

The present invention relates to an . internal
combustion engine control apparatus, and more particularly
to a control apparatus suitable for use with an internal
combustion engine that ﬁses an in-cylinder pressure value

to exercise various control functions.

Background Art

A conventional internal combustion engine control
apparatus disclosed, for instance, by Patent Document 1
corrects a fuel injection amount in accordance with a control
parameter P(0) x V¥(0). This control parameter is obtained
as a product of in-cylinder pressure P(0) and the value V<(8),
which is obtiained by exponentiating in-cylinder volume V(0)
by specific heat ratio k. More specifically, the apparatus
calculates the control parameter P(0) x V(0) for each of
two predetermined crank angles, and determihesr a correction
value for the fuel injection amount in accordance with the
difference between the two calculated control parameters.
The disclosed conventional technology assumes that there

is a correlation between the control parameter P(0) x V*(8)

- and the change pattern of a heat release amount Q in an
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internal combustion engine cylinder. The conventional
technology makes it possible to easily exercise highly
accurate and responsive engine control in which the heét
release amount Q in a cylinder is reflected.

Including the above-mentioned document, the
applicant is aware of the following document as'a related
art of the present invention.

[Patent Document 1] Japanese Patent Laid-open No.

2005-30332

Disclosure of Invention

The information (e.g., record) concerning the
internal combustion enginé in-cylinder pressure P(6) is an
effective parameter for combustion information acquisition.
However, the calculation formula for determining the
parameter is complicated. Therefore, the parameter cannot
easily“be calculated by a present-day vehicle-mounted
computer (ECU). Further, high-speed sampling must be
conducted to calculate the in-cylinder pressure with high
accuracy. In reality, however, such calculations are
extremely difficult because the computatioﬁ léad is heavy.

According to the above conventional technology, the
combustion information, which cgrrelates to the change
pattern of the heat release amount Q, can be acquired as

described above in accordance with the control parameter

P(0) x V(8) for two predetermined crank angles. This
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conventional technology would be at an advantage if it can
easily estimate the information about the internal
combustion engine in-cylinder pressure P(0) by using only
two data points. If the information (e.g., record)
concerning the in-cylinder pressure P(6) could be estimated’
with high accuracy, the resulting value might be used to
perform various combustion analysis caiculations or
exercise applicative engine control. However, the above
conventional technology cannot estimate the in-cylinder
pressure P(0) and needs further improvement.

The present invention has been made to solve .the above
problem. It is an object 6f the present invention to provide
a control apparatus thaf is capable of estimating the
in-cylinder . pressure information about an internal
combustion engine with ease and high accuracy and
controlling the internal combustion engine in an ideal
manner.

The above object 1is achieved by an internal
combustion engine control apparatus which includes heat
release amount information acquisition means for acquiring
heat release amount information aboﬁt an internal
combustion engine. Relationship information acquisition
means is provided for acquiring'relationship information
that defines the relationship among the heat release amount
information, a predetermined parameter that serves as a

control index for the internal combustion engine, and
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in-cylinder pressure. Pressure estimation means is also
provided for estimating the in-cylinder pressure in
accordance with the relationship information.

In a second aspect of the present invention, the
predetermined parameter, which serves as a control index, '
may be at least one of a combustion start time, a combustion
end time, and a combustion speed.

The above object is achieved by an internal
combustion engine control apparatus which includes heat
release amount information acquisition means for acquiring
heat release amount information about an internal
combustion engine. Combustion ratio information
acquisition means is prévided for acquiring in-cylinder
combustion ratio information about the internal combustipn
engine. Relationship information acquisition means is also
provided for acquiring relationship information that
defineé the relationship among the heat release amount
information, the combustion ratio information, and
in-cylinder pressure. Pressure estimation means is also
provided for estimating the din-cylinder pressure in
accordance with the relationship informafioﬁ.

In a fourth aspect of the present invention, the
combustion ratio .information acql;isition means may acquire
the combustion ratio information in accordance with a Weibe
function that contains a combustion start time{ a combustion

end time, and a combustion speed.
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The fifth aspect of the present invention may include
in-cylinder pressure detection means for detecting
in-cylinder pressure. The heat release amount information
acquisition means may acquire the heat release amount
information in accordance with in-cylinder pressures
measured at at least two crank angles. The relationship
information may be defined in accordance with the
relationship between the heat release amount information
and the Weibe function. Thé pressure estimation means may
estimate in-cylinder pressure at a crank angle other than
the at least two crank angles.

The sixth aspect of the present invention may include
ioﬁ detection means for detecting ions that z;re generated
in a cylinder during combustion. The combustion ratio
acquisition means may acquire the combustion ratio
information in accordance with a value of the detected ions.

In a seventh aspect of the present invention, the heat
release ambunt information acquisition means may acquire
heat release amount information in accordance with the
information about an in-cylinder filled air amount; and
wherein the Arelationship information is defined in
accordance with the value of the detected ions and the heat
release amount information. |

The eighth aspect of the present invention may
include combustion information. estimation means £for

estimating a heat release rate and/or indicated torque in
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accordance with an in-cylinder pressure value estimated by
the pressure estimation means.

In a ninth aspect of the present invention, the
internal combustion engine may be controlled in accordahce
with at least one of the in-cylinder pressure estimated by
the pressure estimation means, the heat release rate
estimated by the combustion information estimation means,
and the indicated torque estimated by the combustion
information estimation meané.

In a tenth aspect of the present invention, at least
one of ignition timing control, fuel injection control,
valve opening characteriétics control, and torque control
may be included in the int)ernal combustion eng;‘.ne control.

The eleventh aspect of the present invention may
include in-cylinder pressure detection means for detecting
in-cylinder pressure. Knock information acquisition means
may also be provided for comparing an in-cylinder pressure
value estimated by the pressure estimation means against
an in-cylinder pressure value measured by the in-cylinder
pressure detection means, and acquiring the information
about knocking.

The twelfth aspect of the present invention may
include estimated heat release r;:lte acquisition means for
acquiring an estimated heat release rate value in accordance
with the estimated in-cylinder pressure value. Actual heat

release rate acquisition means may also be provided for
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acqguiring a measured heat release rate value in accordance
with the measured in-cylinder pressure value. Knock
information acquisition means may also be provided for
comparing the estimated heat release rate value against the
measured heat release rate value and acquiring the
information about knocking.

In a thirteenth aspect of the present invention, the
knock information acguisition means may acquire the
information about knocking when the internal combustion
engine's load factor is relatively high.

The fourteenth aspect of the present invention may
include pressure record échisition means for acquiring a
record of in-cylinder préssure that is estimated by the
pressure estimation means during the same combustion cycle.
Maximum pressure value generation time acquisition means
may also be provided for acquiring the time for invoking
the maximum in-cylinder pressure value from the record of
the estimated in-cylinder pressure. Ignition timing
control means may also be provided for controlling ignition
timing so that the time for invoking the maximum value
coincideswiththetimeforinvokingthemaximumin-cylinder
pressure in a situation where the ignition timing is adjusted
for the MBT. |

The fifteenth aspect of the present invention may
include pressure record acquisition means for acquifing a

record of in-cylinder pressure that is estimated by the
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pressure estimation means during the same combustion cycle.
Maximum pressure value information acquisition means may
also be provided for acquiring the information about the
maximum in-cylinder pressﬁre from the record of the
estimated in-cylinder pressure. Air-fuel ratio control‘
means may also be provided for exercising control so as to
provide a lean or rich air-fuel ratio in accordance with
the information about the maximum in-cylinder pressure.

The sixteenth aspect of the present invention may
include pressure record acquisition meéns for acguiring a
record of in-cylinder pressure that is estimated by the
preésure estimation means during the same combustion cycle.
An in-cylinder pressure éensor may also be provided for
detecting in-cylinder pressure. Distortion detection
means may also be provided for comparing the record of the
estimated in-cylinder pressure against a recbrd of
in-cylinder pressure measured by the in-cylinder pressure
detection méans, and acquiring distortion from the record
of measured in-cylinder pressure. Sensofoutputcorrection
means may also be provided for correcting the output of the
in-cylinder pressure sensor in accordénce with the
distortion.

The seventeenth aspect of the present invention may
include pressure record acquisition means for acquiring a
record of in-cylinder pressure that is estimated by the

pressure estimation means during the same combustion cycle.
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An in-cylinder pressure sensor may also be provided for
detecting in-cylinder pressure. Distortion detection
means may also be provided for comparing the record of the
estimated in-cylinder pressure against a record of
in-cylinder pressure measured by the in-cylinder pressure '
detection means, and acquiring distortion from the record
of measured in—cylinder pressure. Sensor deterioration
judgmeﬂf means may a;so be provided for determining
according to the distortion whether the in-cylinder
pressure sensor is deteriorated.

The eighteenth aspect of the present invention may
include control basic data selection means for selecting
in-cylinder pressure estimated by the pressure estimation
means as an in-cylinder pressure value for use as a basis
for internal combustion engine control when the engine speed
is relatively high.

»The above object 1is achieved by an internal
combustion engine control apparatus which includes required
torque acquisition means for acquiring torque required for
an internal combustion engine. Heat release amount
information acquisition means is providéd for acqguiring
heat release amount information about the internal
combustion engine. Relationship information acquisition
means 1s also provided for acquiring relationship
information that defines the relationship among the heat

release amount information, a predetermined parameter that
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serves as acontrol index for the internal combustion engine,
and in-cylinder pressure. Control index determination
means is also provided for defining the predetermiﬁed
parameter, which serves as a control index, in accordance
with the required torque and the relationship information.

The twentieth aspect of the present invention may
include required in-cylinder pressure acquisition means for
‘acquiring required infcylinder pressure that corresponds
to the required torque. The control index determination
means may define the predetermined parameter, which serves
as a control index, in accordance with the required
in-cylinder pressure and the relationship information.

In a twenty-first’aspect of the presept invention,
the predetermined parameter, which serves as a control index
may be at least one of a combustion start time, a combustion
end time, and a combustion speed.

“Thetwenty-secondaspectofthepmesentinventionmay
include control means for éontrolling at least Qither avalve
overlap amount or ignition timing in accordance with the
predetermined parameter, which is defined by the control
index determination means and used as a éoﬁtrol index.

According to the first aspect of the present
invention, the in-cylinder presgure information about an
internal combustion engine can be estimated with ease and
high accuracy in accordance - with the ~relationship

information that defines the relationship among the heat
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release amount information, the predetermined parameter
that serves as a control index for the internal combustion
engine, and in-cylinder pressure.

According to the second aspect of the present
invention, combustion information that is necessary for
in-cylinder pressure estimation can be appropriately
defined.

According to the third aspect of thel present
invention, the in-cylinder pressure information about the
internal combustion engine can be estimated with ease and
high accuracy in accordance with the relationship
information that defines the relationship among the heat
release amount informatién, combustion ratio information,
and in-cylinder pressure.

According to the fourth aspect of the present
invention, an accurate combustion ratio can be acqﬁired in
accordénce with the Weibe function that contains a
combustion‘ start time, a combustion end time, and a
combustion speed.

According to the £ifth aspect of the present:
invention, fhe in-cylinder pressure prevéiling during a
combustion period can be estimated by measuring the
in-cylinder pressure at at leas£ two points.

According to the sixth aspect of the present
invention, the combustion ratio information can be acquired

in accordance with the ions generated in a cylinder during
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combustion and without having to measure the in-cylinder
pressure.

According to the seventh aspect of the preseﬁt
invention, the relationship information for estimating the
in-cylinder pressure can be acquired in accordance with the
value of the detected ions and the heat release amount
information based on the in-cylinder filled air amount.

‘According to the eighth aspect of the present
invention, the in-cylinder pressure estimated by the first
or third aspect of the present invention can be used to
estimate the heat release rate or indicated tor'que with ease
and high accuracy.

According to theJ ninth aspect of ~the present
invention, the internal combustion engine can be controlled
in accordance with an estimated value of at least one of
the in-cylinder pressure, heat release rate, and indicated
torqueAwithout imposing an excessive load on an ECU.

Accdrding to the tenth aspect of the present
invention, at least one of ignition timing, fuel injection,
valve opening characteristics, and torque can be controlled
in accordance with an estimated value of .at‘least one of
the in-cylinder pressure, heat release rate, and indicated
torque without imposing an exces'sive load on the ECU.

According to the eleventh aspect of the present
invention, the estimated in-cylinder pressure and actual

in-cylinder pressure for the same combustion cycle can be
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compared. Therefore, the information about knocking can be
acquired with higher accuracy than during the use of the
conventional method of estimating a normal in-cylindeﬂr
pressure for the current combustion cycle from a phenomenon
encountered during the preceding combustion cycle or from ‘
statistics.

According to the twelfth aspect of the present
invention, the estimated heat release rate and actual heat
release rate for the same combustion cycle can be compared.
Therefore, the information about knocking can be acquired
with higher accuracy than during the use of the conventional
method of estimating a normal heat release rate for the
current combustion cycle' from é phenomenon .encountered
during the preceding combustion cycle or from statistics.

According to the thirteenth aspect of the present
invention, the accurate information about knocking can be
acquire.d within a high load region where knocking is likely
to occur and without imposing an excessive load_on the ECU.

According to the fourteenth aspect of the present
invention, control can be exercised to adjust the ignition
timing for the MBT without requiring the ECU .to exhibit a
high-speed sampling capability.

According to the fifteent'h aspect of the present
invention, control can be exercised to provide the leanest
air-fuel ratio without requiring the ECU to exhibit a

high-speed sampling capability.
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According to the sixteenth or seventeenth aspect of
the present invention, the estimated in-cylinder pressure
and actual in-cylinder pressure for the same combustion
cycle can be compared. Therefore, a sensor error can be
determined with higher accuracy than during the use of the’
conventional method of estimating a normal in-cylinder

pressure for the current combustion cycle from a phenomenon

‘encountered during the preceding combustion cycle or from

statistics.

According to the eighteenth aspect of the present
invention, the load imposed on the ECU can be reduced within
a region where the enginé speed NE is high.

According to the ﬁineteenth aspect of the present
invention, control can be exercised according to the
required torque and relationship information so that the
torque of the internal combustion engine coincides with the
desired required torgque.

According to the twentieth aspect of the present
invention, the predetermined parameter, which serves as a
control index for the intermnal combustion engine, can be
defined in aécordance with the relationshiﬁ iﬁformation and
the required in-cylinder pressure corresponding to the
required toréue. |

According to the twenty-first aspect of the present
invention, the combustion information required for

controlling the internal combustion engine in accordance



10

15

20

25

WO 2007/013663 PCT/JP2006/315250

15

with the required torgue can be appropriately defined.
According to the twenty-second aspect of the present
invention, the relationship information can be used fo
exercise torque (combustion) control:hnaccordance'with the
desired required torque. This aspect of the present‘
invention also makes it possible, for instance, to control
the valve overlap amount and ignition timing without making
the intake air amount excessive or insufficient and without

retarding the ignition timing.

Brief Description of Drawings

Fig. 1 illustrates the configuration of a first
embodiment of the presen£ invention.

Fig. 2 is depicts the waveform of an in-cylinder
combustion ratio MFB in relation to a crank angle 0.

Fig. 3 is a flowchart illustrating a routine that is
executéd to acquire the estimated in-cylinder pressure Py
in the firét embbdiment of the present invention.

Fig. 4 is an example of a map of the combustion start
time 60 and combustion end time 6f referred ip the routine
shown in Fig. 3.

Fig. 5 is a P-0 diagram thgt shows the relationship
between the in-cylinder pressure P and crank angle 0.

Fig. 6 is a £flowchart illustrating a routine that is
executed to calculate an indicated torque with the record

of the estimated in-cylinder pressure Py in the first
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embodiment of the present invention.

Fig. 7 is a flowchart illustrating a routine that is
executed in the second embodiment of the present invention.

Figs. 8A and 8B illustrate a waveform of the ion

5 current Ic.

Fig. 9 is a flowchart illustrating a routine that is
executed in the third embodiment of the present invention.

Figs. 10A to 10D illustrate a procedure of knock
judgment in the third eﬁbodiment of the present invention.

10 Fig. 11 is a flowchart illustrating a routine that
is executed in a modified embodiment of the third embodiment
of the present invention.

Figs. 12A to 12D illustrate a procedure of knock
judgment in the modified embodiment of the third embodiment

15 of the present invention.

Fig. 13 is a flowchart illustrating a routine that
is executed in the fourth embodiment of the present
invention.

Fig. 14 is a flowchart illustrating a routine that

20 is executed in the Fifth embodiment of the present invention.

Fig. 15 is a flowchart illustrating a routine that
is executed in the sixth embodiment of the present invention.

Fig. 16 is a flowchart iliustrating a routine that
is executed in the seventh embodiment of the present

25 invention.

Fig. 17 is a flowchart illustrating a routine that
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is executed in the eighth embodiment of the present
invention.

Fig. 18 is a £flowchart illustrating a subroutine thét
is executed simultaneously with the routine shown in Fig.
17.

Fig. 19 is a flowchart illustrating a routine that
is executed in the ninth embodiment of the present invention.

Fig. 20 is a flowchart illustrating a subroutine that
is executed simultaneously with the routine shown in Fig.
19.

Fig. 21 is a flowchart illustrating a routine that

is executed in the tenth embodiment of the present invention.

Best Mode for Carrying Out the Invention
First Embodiment
[System configuration description]

‘Fig. 1 illustrates the configuration of a first
embodiment of the present invention. As shown in Fig. 1,
the system according to the present embodiment includes an
internal combustion engine 10. A cylinder in the internal
combustion eﬁgine 10 is provided with a .piston 12 that
reciprocates within the cylinder. The internal combustion
engine 10 also includes a cylinder head 14. A combustion
chamber 16 is formed between the piston 12 and cylinder head

14. The combustion chamber 16 communicates with an intake

path 18 and an exhaust p4ath 20. The intake path 18 and
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exhaust path 20 are provided with an intake valve 22 and
an exhaust valve 24, respectively. The intake path 18 is
also provided with a throttle valve 26. The throttle valve
26 is an electronically controlled throttle valve that is
capable of controlling a throttle opening independently of"
an accelerator opening.

The cylinder head 14 is provided with an ignition plug
28, whicﬁ protrudes into the combustion chamber 16 from a
vertex of the combustién chamber 16. The cylinder head 14
is also provided with a fuel injection wvalve 30, which
injects fuel into the cylinder. The cylinder.head 14
incorporates an in-cylinder pressure sensor 32, which
detects in-cylinder preésure pP. Further, the internal
combustion engine 10 has a crank angle sensor 34, which is
positioned near a crankshaft to detect an engine speed NE.

In the internal combustion engine 10, the intake
valve 22 and exhaust valve 24 are driven by an intake variable
valve mechanism (not shown) and exhaust variable valve
mechanism (not shown), respectively. Both of these
variable valve mechanisms include a variable valve timing
(VVT) mechanism, which can change the phaée 6f the intake
valve 22 or exhaust valve 24 within a predefined range.

The system shown in Fig. 1 i,ncludes an ECU (Electronic
Control Unit) 40. The ECU 40 is connected to the
aforementioned sensors and actuators. -The ECU 40 is capable

of controlling the operating state of the internal
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combustion engine 10 in accordance with the outputs of such
sensors.

A method for estimating the information (record)
about the in-cylinder pressure Pc, which is used in the
present embodiment, will now be described with reference’
to Figs. 2 and 3.

Fig. 2 depicts the waveform of an in-cylinder
COmbusfion ratio MFB in'relation to a crank angle 6. 1In this
figure, the combustion ratid MFB is defined as an index that
indicates the progress of combustion. More specifically,
the combustion ratio MFB varies within a range of 0 to 1.
An MFB of 0 represents a éombustion start time, whereas an
MFB of 1 represents a cot;lbustion end time.

The waveform designated "PV*MFB" in Fig. 2 represents
a combustion ratio MFB that is calculated by a formula based
on the PV method, that is, the following equation (Equation
1l):

MFB = (PeVB‘K - PgoVpo ) / (PyeVye" - PyoVyo®) --- .(Equation 1)

In Equation 1 above, Pgo and Vgo are an in-cylinder
pressure Pc and in-cylinder volume V that prevail when the
crank angle 0 coincides with a predetern'lined combustion
start time 00, and Py and Vgs are an in-cylinder pressure
Pc and in-cylinder volume V that p;:*evail whgn the crank angle
0 coincides with a predetermined combustion end time 0f. Py
and Vg are an in-cylinder pressure Pc and in-cylinder volume

V that prevail when the crank angle 0 is an arbitrary value.
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K denotes a specific heat ratio. According to Equation 1
above, the record of the combustion ratio MFB can be
calculated in accordance with measured in-cylinder pressure
values Pc and calculated in-cylinder volume values V
prevailing at the above three points.

Meanwhile, the waveform designated "WeibeMFB" in Fig.
2 represents a combustion ratio MFB that is calculated by
‘a formula based on the Weibe function, that is, the following
equation (Equation 2):

MFB = l-expl[-a{(0-00) / (0£-00))}*']--- (Equation 2)

In Equation 2 above, a is a combustion speed and m
is é predefined constant. )

As indicated in Fié. 2, the wavefofm of tAhe combustion
ratio PV*MFB calculated according to Equation 1 highly
correlates with that of the combustion ratio WeibeMFB
calculated according to Equation 2. Therefore, the present
embodi‘ment assumes that the above two equations are
equivalent' to each other, and derives the following equation
(Equation 3) from the above two equations:

Po = (1/Vy® X ({1l-expl-a{(0-60)/(0£-00)3™ 11X (P,eV,
fK-Pgovgo“)+é90veo“> --- (Equation 3) -

The system according to the present embodiment
assumes that Equation 3 is used t‘o estimate the in-cylinder
pressure Pc of the internal combustion engine 10. A method
for calculating the estimated in-cylinder pressure Py will

now be described with reference to a routine that is shown
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in Fig. 3.

Fig. 3 is a flowchart illustrating a routine that the
ECU 40 executes to acquire the estimated in-cylindér
pressure Pg. In the routine shown in Fig. 3, step 100 is
performed first to acquire the operating conditions for the '
internal combustion engine 10, more specifically, the
ignition timing SA and the like.

Next, step 102 1is performed to determine the
combustion start time 60 and combustion end time Of. The
ECU 40 stores a map that defines the relationship among the
combustion start time 60, combustion end time 6f, and
ignition timing SA as shown in Fig. 4. The zero point in
Fig. 4 represents a compréssion top dead center. The map
shown in Fig. 4 is formulated so that when the ignition timing
SA advances, the combustion start time 060 shifts toward the
advancing side relative to the compression top dead center,
and that when the ignition timing SA is advanced from a
predetermiﬁed ignition timing SA (30° BTDC in the employed
example), the combustion start time 60 is virtually fixed.

For the combustion end time Of, the map is formulated in

virtually the same manner.
After step 102 is performed to determine the

combustion start time 00 and combustion end time Of based
on the current ignition timing SA in accordance with the

inap shown in Fig. 4, step 104 is performed to calculate the

parameters (heat releaseAamount) PV® at -60° ATDC and 90°
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ATDC. More specifically, step 104 is performed to acquire
the in-cylinder pressures P at -60° ATDC and 90° ATDC in
accordance with the output from the in-cylinder pressufe
sensor 32, and calculate the in-cylinder volumes V
corresponding to -60° ATDC and 90° ATDC. The parameters PV® '
are calculated in accordance with the obtained wvalues.

Next, step 106 is performed to calculate the
in-cyl'i‘rider pressure Py 1n accordance with Equation 3. More
specifically, the combustion start time 60 and combustion
end time O0f, which were determined in step 102, are
substituted into Equation 3. Further, the parameter PV for
-60° ATDC, which was calculated in step 104, is substituted
as parameter PgoVeo“, and th;e parameter PV" for 90° ATDC, which
was calculated in step 10'4, is substituted as parameter
PosVoe . AS regards the combustion speed a and constant m,
predetermined values are used. Consequently, when an
associéted arbitrary crank angle 6 and an in-cylinder volume
Vs corresponding to the crank angle 0 are subsj:ituted into
Equation 3, the in-cylinder pressure Py prevailing at the
arbitrary crank angle 8 can be calculated. Further, when
an associated crank angle 9 and an in-cyiinder volume Vg
corresponding the crank angle 9 are substituted for each unit
crank angle 0, a record of the estimated in-cylinder pressure
Py can be calculated.

Fig. 5 is a P-0 diagram that shows the relationship

between the in-cylinder pressure P and crank angle 6. The
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waveform designated "CPS" in Fig. 5 represents a measured
in-cylinder pressure Pc, which is based on the output of
the in-cylinder pressure sensor 32. Meanwhile, the
waveform designated "Proposed" in Fig. 5 represents a record
of the in-cylinder pressure Py that was estimated by routine
shown in Fig. 3. Fig. 5 indicates that the use of the
in-cylinder pressure estimation method according to the
present 'émbodifnent makes it possible to obtain an estimated
in-cylinder pressure Py that is substantially equal to the
measured in-cylinder pressure Pc. As described above, the
use of the method according to the present embodiment makes
it possible to obtain the data on the in-cylinder pressure
P at an arbitrary crank a;ngle 0 simply by using only two
measured data (two data measured at -60° ATDC and 90° ATDC
in the routine shown in Fig. 4).

Referring to Fig. 6, the record of the estimated
in-cylihder pressure Py, which was obtained by executing the
routine shown in Fig. 4, will be used to describe the method
of calculating the indicated torque prevailing in the cycle
during which the record was acquired.

Fig. 6 is a flowchart illustrating a foufine that the
ECU 40 executes to calculate an indicated torque with the
record of the estimated in-cylinder pressure Pg. In the
routine shown in Fig. 6, the record of the estimated
in-cylinder pressure Py is first calculated by performing

step 106 of the routine shown in Fig. 3 for each unit crank
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angle 0 (step 200).

Next, the indicated torque Py x dV/dO is calculated
by multiplying the record of the estimated in-cylinder
pressure Py, which was obtained in step 200, by dv/d06, which
is a rate of change in the in-cylinder volume V (step 202).

In the internal combustion engine having the
in-cylinder pressure sensor, the performance of a
present;day ECU is not.high enough to convert an analog
output of the in-cylinder pressure sensor to a digital signal
at a high speed that permits accurate determination of the
indicated torque. Meanﬁhile,thecomputationcapabilityof
a CPﬁ in the ECU is adequate. When the routine shown in Fig.
6 is executed, the record.gf the in-cylinder pressure Py can
be estimated .simply by measuring the in-cylinder pressure
Py at two points. Further, the indicated torque Py x dV/dG.
can be calculated from the estimated record. Consequently,
the indicated.torque Pg x dV/d0 can be determined accurately
in real time without being restricted by the performance
of the ECU 40.

In the first embodiment, which has been described
above, the “heaf release amount informatioﬁ acquisition
means" according to the first or third aspect of the present
invention is implemented when the'ECU 40 performs step 104;
and the "relationship information acquisition means" and
"pressure estimation means" according to the first or third

aspect of the present invention are implemented when step
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106 is followed to perforn\a.predeterminedjprocesslby using
Equation 3. Equation 3 corresponds to the "relationship
information" according to the first or third aspect of fhe
present invention.

Further, the "combustion ratio information
acquisition means" according to the third aspect of the
present invention is implemented when the ECU 40 performs
'step 106 to calculate a term related to the Weibe function
in Equation 3.

The in-cylinder pressure sensor 32 corresponds to the
"in-cylinder pressure detection means" according to the

fifth aspect of the present invention.

Second embodiment

A second embodiment of the present invention will now
be described with reference to Figs. 7 and 8.

:The system according to the second embodiment is
implemented by adopting the hardware configu:ation shown
in Fig. 1 dnd allowing the ECU 40 to execute a routine shown
in Fig. 7 instead of the routine shown in Fig. 3. More
specifically, the system according fo 'the present
embodiment differs from the system according to the first
embodiment in that the latter uses the ignition plug 28 as
anionprobe(ioncurrentsensor)thatdetectsionsgenerated

in a cylinder during a combustion period as an ion current

Ic. The system according to the present embodiment uses
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such an ion current Ic to acquire the record of the estimated
in-cylinder pressure Pj.

Fig. 7 is a flowchart illustrating a routine that the
ECU 40 executes to implement the above functionality in
accordance withﬁthe second embodiment. In the routine shown
in Fig. 7, step 300 is performed first to detect an ion
current Ic for a predetermined period. More specifically,
a .predefermined voltagg is applied to electrodes of the
ignition plug 28 after compleltion of ignition by the ignition
plug 28 for the purpose of detecting the ion current Ic.
The ion current Ic is detected as a current that flows between
the e1ectrodes.

Next, step 302 is pe;rformed to acquire the combustion
start time 00 and combustion end time 6f. Fig. 8A shows a
waveform of the ion current Ic that was detected when the
ignition plug 28 was used as an ion probe. The ion current
Ic arisés when combustion starts upon ignition, and vanishes

when combustion ends later. Therefore, the combustion

‘start time 00 and combustion end time 6f can be acquired in

accordance with the waveform of a measured ion current as
indicated in Fig. 8A.

Next, step 304 is performed to calculate the integral
value 2Ic of the ion current Ic with respect to the period
between the combustion start time 60 and combustion end time
0f, which weré acquired in step 302.- Fig. 8B shows'a waveform

of the integral value 216 of the ion current Ic. The ion
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current Ic highly correlates with the heat release rate dQ/d6
prevailing during a combustion period. The value XIc, which
was obtained by integrating the ion current Ic with respe;ct
to the period between the combustion start time 60 and
combustion end time Of as indicated in Fig. 8B, highly‘
correlates with the combustion ratio MFB (heat release
amount).

'Next, step 306 is performed to estimate a heat release
amount PV® in accordance with a load factor KL. The load
factor KL and heat release amount PV® of the internal
combustion engine 10 have linear characteristics. Here,
the heat release amount PV* is estimated from the load factor
KL in accordance with a rﬁap that defines the.relationship
between the. load factor KL and heat release amount PV*.
Alternatively, the heat release amount PV* may be estimated
in accordance with a map that defines the relationship
betweeAn the heat release amount PV* and an in-cylinder DJ
value (thé value indicating an in-cylinder filled air
amount) based on intake pressure and intake temperature,
instead of the load factor KL.

Next, step 308 is performed to cdnvért the above
integral value 2XIc to the combustion ratio MFB. More
specifically, the integral value ’ZIc is converted to a value
correéponding to the combustion ratio MFB for the current
combustion cycle when the integral value XIc is corrected

in accordance, for instance, with an in-cylinder air amount.
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Next, step 310 is performed to calculate the estimated
in-cylinder pressure Ps. More specifically, the combustion
ratio MFB based on the ion current Ic, which was acquiréd
in step 308, 1is substituted into the term of the Waibe
function that corresponds to the combustion ratio MFB in’
Equation 3. The estimated in-cylinder presSure Py is
calculated when a value based on the heat release amount
PV®, whidh was acquired in step 306, is substituted into the
remaining terms of Equation 3.

Even when a method involving the ion current Ic, which
has been described in conjunction with the routine shown
in Fig. 7, is used, the estimated in-cylinder pressure Py
can be calculated from i!:quation 3. Further, when this
method is employed, the ignition plug 28 can be used as an
ion probe. Therefore, this method is more advantageous in
terms of sensor mountability on the internal combustion
enginenlo than the method of using the in-cylinder pressure
sensor 32.k

In the second embodiment, which has been described
above, the "heat release amount information acquisition
means" according to the first or third aspec;t of the present
invention is implemented when the ECU 40 performs step 306;
and the "combustion ratio information acquisition means”
according to the first or third aspect of the present
invention is implemented when the ECU 40 performs steps 300,

302, and 308.
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The dignition plug 28 corresponds to +the "ion
detection means" according to the sixth aspect of the Present

invention.

Third embodiment
[Knock judgment according to estimated in-cylinder pressure
Pgl

A third embodiment of the present invention will now
be described with reference to Figs. 9 to 12.

The system according to the third embodiment also
uses the hardware configuration shown in Fig 1. The third
embodiment is characterized by the fact that the estimated
value of the in-cylinder 'pressure Py, which is acquired by
the routine shown in Fig. 3, is used to check for knocking.

Fig. 9 is a flowchart illustrating a routine that the
ECU 40 executes to implement the above functionality in
accordance with the third embodiment. When the third
embodiment is described with reference to Fig. 9, steps
identical with those described with reference to Fig. 6 for
the first embodiment are designated by the same reference
numerals as‘ their counterparts and om.itt;ed from the
description or briefly described. In the routine shown in
Fig. 9, step 200 is performed f:i_’rst to compute the record
of the estimated in-cylinder pressure Pj. Fig. 10A shows
a typical waveform of the in-cylinder pressure Py that is

computed in step 200.
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Next, step 400 is performed to acquire a record of
actual in-cylinder pressure Pc in accordance with an output
from the in-cylinder pressure sensor 32. Fig. 10B shows a
typical waveform of the actual in-cylinder pressurel Pc
prevailing in the event of knocking and is acquired in step
400. As indicated in Fig. 10B, a high-frequency pressure
component is superposed over the waveform of the actual
in-cylihder Pressure Pc‘ prevailing in the event of knocking.
On the other hand, the waveform of the estimated in-cylinder
pressure Pg shown in Fig. 10A is calculated through a
first-order lag function (Equation 3). Therefore, this
waveform is smooth with no high-~-frequency pressure
component superposed oveJ; it.

In the routine shown in Fig. 9, step 402 is performed
next to calculate the difference between the waveform of
the estimated in-cylinder pressure Py, which was computed
in steb 200, and the waveform of the actual in-cylinder
pressure Pc, which was acquired in step 400. When step 402
is performed, only the knocking-induced high-fredquency
pressure component (the information about knocking) can be
obtained from the v;raveform of the actﬁal in-cylinder
pressure Pc as indicated in Fig. 10C.

Next, step 404 is perforn'led to total the absolute
value of the difference calculated in step 402. Fig. 10D
shows a waveform that is obtained when step 404 j.s performed.

Next, step 406 is perforined to judge the knock intensity.
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More specifically, when a predetermined threshold value is
exceeded by the obtained total difference, it is concluded
that knocking has occurred. ‘Here, it is assumed that fhe
absolute value of the difference is totaled. However, a
peak value of the difference may be used instead of the total
value to judge the knock intensity.

When the routine shown in Fig. 9 is executed as
described above, a knoqk judgment can be formulated by using
the record of estimated in-cylinder préssure Py according
to the present invention. The use of this method makes it
possible to compare the estimated in-cylinder pressure Pg
and actual in-cylinder pressure Pc prevailing in the same
combustion cycle. The:l*efore, knock detection can be
achieved with higher accuracy than during the use of the
conventional method of estimating a normal in-cylinder
pressure for the current combustion cycle from a phenomenon
encounfered during the preceding combustion cycle or from
statistics. Further, the use of the above method also makes
it possible to formulate a knock judgment without having
to furnish the ECU 40 with an internal high-pass filter
circuit for extracting the high-freéuency pressure
component in the event of knocking. This makes it possible
to eliminate the cost of the high-pass filter circuit and
reduce the cost required for noise control.

The third embodiment, which has been described above,

formulates a knock judgment b'y directly comparing the
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estimated value and-actual value of the in~cylinder pressure
Pc. However, the présent invention is not limited to the
use of such a knock judgment method. For example, a method
described with reference to Figs. 11 and 12 may alternatively
be used. Fig. 11 is a flowchart illustrating a routine that
the ECU 40 executes to compare the estimated value and actual
value of the heat release rate dQ/d0 and formulate a knock
'judgmeht. In the routine shown in Fig. 11, step 500 is
performed first to calculate a record of the estimated heat
releése rate dQ/d4e06. More specifically, processing is
performed in the same manner as in step 200 to compute the
record of the estimated 4in-cylinder pressure Py and
calculatetherecmmioftﬁeestimatedheatreleaseratedQ/dG
from the computed record of the estimated in-cylinder
pressure Pc by using a predetermined calculation formula.
Fig. 12A shows a typical waveform of the estimated heat
releaée rate 4Q/d0 that is calculated in step 500.

Next, step 502 is performed in accordance with a
predetermined calculation formula to calculate the record
of the actual heat release rate dQ/d0 from the record of the
actual in-cylinder pressure Pc that 'is. acquired in
accordance with the output from the in-cylinder pressure
sensor 32. Fig. 12B shows a typical waveform of the actual
heat release rate dQ/d0 that is calculated in step 502 when
knocking actually occurs. If knocking occurs, fast burning

takes place. Therefore, the waveform of the actual release
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rate dQ/d06, which is shown in Fig. 12B, indicates that the
combustion peak value is great and that combustion ends early.
On the other hand, knocking is not reflected in the waveform
of the estimated heat release rate dQ/d0, which is shown in
Fig. 12A.

In the routine shown in Fig. 11, step 504 is then
performed to calculate the difference between the waveform
of the estimated heat release rate dQ/d6, which was
calculated in step 500, and‘the waveform of the actual heat
release rate dQ/d9, which was acquired in step 502. The
process performed in step 504 makes it possible to extract
only the information about knocking (the information
indicating the charactéristics of knocking) £from the
waveform of the actual heat release rate dQ/d06 as shown in
Fig. 12C.°

Next, step 506 is performed to total the absolute
value 6f the difference calculated in step 504. Fig. 12D
shows a wavéform that is obtained when step 506 is performed.
Next, step 508 is performed to judge the knock intensity.
The judgment method used in step 508 will not be described
in detail bécause it is the same as in.the use of the
in-cylinder pressure Pc. The use of the method of using the
heat release rate dQ/dO, which has been described above, also
makes it possible to check for knocking. When the estimated
in-cylinder pressure Py is to be determined for the actual

use of this method, the in—cylinder state may be detected
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with the in-cylinder pressure sensor 32 in a manner described
in conjunction with the routine shown in Fig. 3. An
alternative is to detect the in-cylinder state in a manner
described in conjunction with the routine shown in Fig. 7
while using the ignition plug 28 as an ion probe. However,
the method of using the ion probe is more appropriate because
it does not generate any high-frequency component.

The third embodiment, which has been described above,
checks for knocking by comparing the total value acquired
in step 404 against a predetermined threshold value.
However, the present invention is not limited to the use
of such a knock judgment method. Alternatively, the
encountered knocking leve‘l may be judged in acqordance with
the magnitude of the total value. For a region where the
load factor KL is high so that knocking is likely to occur,
the routine shown in Fig. 9 may be executed to formulate
a knock judgment.

In the third embodiment and its modified embodiments,
which have been described above, the "knock information
acquisition means" according to the eleventh aspect of the
present invéntion is implemented when the'ECU 40 performs
steps 402 to 406; the "estimated heat release rate
acquisition means" according to 'the twelfth aspect of the
present invention is implemented when the ECU 40 performs
step 500; the "actual heat release rate acquisition means"

according to the twelfth aspect of the present invention
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is implemented when the ECU 40 performs step 502; and the
"knock information acquisition means" according to the
twelfth aspect of the present invention is implemented whén

the ECU 40 performs steps 504 to 508.

Fourth embodiment
[MBT control with estimated in-cylinder pressure Pyl

A fourth embodiment of the present invention will now
be described with reference to Fig. 13.

The system according to the fourth embodiment also
uses the hardware configuration shown in Fig 1. The foﬁrth
embodiment is characterized by the fact that MBT (optimum
ignition timing) control i‘s exercised by using the estimated
in-cylinder pressure PO obtained by the routine shown in Fig.
3.

Fig. 13 is a flowchart illustrating a routine that
the ECﬁ 40 executes to implement the above functionality
in accordaﬁce with the fourth embodiment. Whep the fourth
embodiment is described with reference to Fig. 13, steps
identical with those described with reference to Fig. 6 for
the first emi)odiment are designated by thé séme reference
numerals as their counterparts and omitted from the
description or briefly described. 1In the routine shown in
Fig. 13, step 200 is performed first to compute the record
of the estimated in-cylinder pressure Py.

Next, step 600 is‘performed to acquire a position
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(timing (crank angle Oppax)) at which the maximum value Pmax
of the in-cylinder pressure Pc arises from the record of
the estimated in-cylinder pressure Pg calculated in step 260 .
Step 602 is then performed to judge whether the Pmax posifion
Opmax, which was acquired in step 600, coincides with al
predetermined position 0,. The ECU 40 stores the
predetermined position 6,. When the position 0Opyax Oof the
maximum pressure value Pmax coincides with  the
predetermined position 0,, the ECU 40 concludes that the
ignition timing SA is the MBT.

If the judgment result obtained in step 602 indicates
that the position Oppax 0f the maximum pressure value Pmax
coincides with the predétermined position 6, it can be
concluded that the currently controlled ignition timing SA
is the MBT. In this instance, therefore, the current
processing cycle terminates without further controlling the
ignitibn timing SA. If, on the other hand, the judgment
result obtained in step 602 indicates that the position Oppax
of the maximum pressure value Pmax does not coincide with
the predetermined position 0., step 604 is performed to
control the ignition timing SA. More spec.ifically, if it
is found that the position Opnax 0f the calculated maximum
pressure value Pmax is advanced from the predetermined
position 0, the 4ignition timing SA is retarded by a
predefined amount according to the positional deviation so

that the ignition timing SA is the MBT. If, on the other
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hand, it is found that the position Opnax is retarded from
.the predetermined position 0,, the ignition timing SA is
advanced by a predefined amount.

When the method of measuring the in-cylinder pressure
Pc with the in-cylinder pressure sensor and holding its peak‘
value (maximum value Pmax) is used, the position (timing)
of the maximum value Pmax cannot be detected. When the
‘method of causing the ECU to acquire measured an in-cylinder
pressure Pc in real time ié used to detect the above peak
timing, it is necessary that the ECU perform high-speed
sampling. In reality, however, the present-day ECU
performance is not high enough to perform such high-speed
sampling. Meanwhile, whe\;n the routine shown in Fig. 13 uses
the information (record) concerning the aforementioned
estimated in-cylinder pressure Py according to the present
invention, and exercises control so that the position Oppax
at whiéh.the maximum value Pmax of the in-cylinder pressure
Pc arises doincides with the predetermined position 0, the
ignition timing SA can be adjusted for the MBT.

In the fourth embodiment, which has been described
above, the "pressure record acquisition ﬁeans“ according
to the fourteenth aspect of the present invention is
implemented when the ECU 40 performs step 200; the "maximum
pressure value generation time acquisition means" according
to the fourteenth aspect of the present invention is

implemented when the ECﬁ 40 performs step 600; and the
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"ignition timing control means" according to the fourteenth
aspect of the present invention is implemented when the ECU

40 performs steps 602 and 604.

Fifth embodiment
[Lean limit control with estimated in—cylindgr'pressure Pyl

A fifth embodiment of the present invention will now
be described with reference to Fig. 14.

The system according to the fifth embodiment also
uses the hardware configuration shown in Fig 1. The fifth
embodiment is characterized by the fact that lean limit
control is exercised to adjust the air-fuel ratio for a limit
air-fuel ratio that proﬁides a lean burn by using the
estimated in-cylinder pressure Py obtained by the routine
shown in Fig. 3.

Fig. 14 is a flowchart illustrating a routine that
the ECU 40 executes to implement the above functionality
in accordance with the fifth embodiment. When the fifth
embodiment is described with reference to Fig. 14, steps
identical with those described with reference to Fig. 6 for
the first embodiment are designated by thé séme reference
numerals as their counterparts and omitted from the
description or briefly described: In the routine shown in
Fig. 14, step 200 is performed first to compute the record
of the estimated in-cylinder pressure Pe; Next, step 600

is performed to acquire a position (timing (crank angle
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Ormax) ) at which the maximum pressure value Pmax arises from
the record of the estimated in-cylinder pressure Pg computed
in step 200.

Next, step 700 is performed to judge whether the
position Oppax 0of the maximum pressure value Pmax, which was l
acqguired in step 600, is within a predetermined range of
the crank angle 8. When combustion deterioration ormisfire
'occurs‘ in the internal combustion engine 10 due to an
air-fuel ratio change toward a lean side, the maximum
pressure value Pmax decreases and the timing (crank angle
Oppnax) with which the maximum pressure value Pmax arises
deviates from the timing prevailing during normal
combustion. The ECU 40 sltores information that indicates
the above-mentioned predetermined range of the crank angle
f for the purpose of grasping such a deviation in the timing
Opmax, Which is caused by a control operation for making the
air—fuél ratio leaner.

If t‘he judgment result obtained in step 7'00 indicates
that the position Oppax 0of the maximum pressure value Pmax
is within the predetermined range, it can be concluded that
the lean limit (the lean-side limit air—fuél fatio at which
normal combustion is achievable) is not reached yet. 1In
this instance, step 702 is performed to control the fuel
injection amount so as to provide a leaner air-fuel ratio.
If, on the other hand, the judgment result obi:lained in step

700 does not indicate that the pbsition Opmax OF the maximum
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pressure value Pmax is within the predetermined range, it
can be concluded that the lean limit is exceeded to cause
combustion deterioration or other similar problem. In this
instance, step 704 is performed to control the fuel injection
amount so as to provide a richer air-fuel ratio.

Even when the performance of the vehicle-mounted ECU
is limited as described earlier, the routine shown in Fig.
14, which has been des‘cribed above, can exercise control
to provide the leanest air—fﬁel ratio while maintaining the
position Opnax of the maximum pressure value Pmax within the
predetermined range because it wuses the information
(record) concerning the aforementioned estimated
in-cylinder pressure Pg ac’cording to the present invention.

The £ifth embodiment, which has been described above,
controls the air-fuel ratio in accordance with the position
Opnax Of the maximum pressure value Pmax. However, the

maximum pressure value information according to the present

invention is not limited to the position Oppax 0f the maximum

pressure value Pmax. For example, the air-fuel ratio may
be controlled while considering the magnitude of the Pmax
value as well as the position Oppax O0f the ﬁaﬁimum pressure
value Pmax.

In the fifth embodiment,'which has been described
above, the "maximum pressure value information acquisition
means" according to the fifteenth aspect of the present

invention is implementediwhen the ECU 40 performs step 600;



10

15

20

25

WO 2007/013663 PCT/JP2006/315250

41

and the "air-fuel ratio control means" according to the
fifteenth aspect of the present invention is implemented

when the ECU 40 performs steps 700 to 704.

Sixth embodiment

[Sensor output deviation correction and sensor
deterioration detection with estimated in-cylinder
pressufé Po]

A sixth embodiment of the present invention will now
be described with reference to Fig. 15.

The system according to the sixth embodiment also
uses the hardware configuration shown in Fig 1. The sixth
embodiment is characteriéed by the fact that the estimated
in-cylinder pressure Pg obtained by the routine shown in Fig.
3 is used to correct an output deviation of the in—cylinder
pressure sensor 32 and detect the deterioration of the same
sensor~32.

Fig. 15 is a flowchart illustrating a routine that
the ECU 40 executes to implement the above functionality
in accordance with the sixth embodiment. When the sixth
embodiment is described with reference t6 fig. 15, steps
identical with those described with reference to Fig. 6 for
the first embodiment are design;ted by the same reference
numerals as their counterparts and omitted £from the
description or briefly described: In the routine shown in

Fig. 15, step 200 is performed first to compute the record
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of the estimated in—cylihder pressure Pyg. Next, step 800
is performed to acquire the record of the actual in-cylinder
pressure Pc in accordance with an output £rom the in-cylinder
pressure sensor 32.

Next, step 802 is performed to detect distortion
(hysteresis) in the pressure record, which arises from a
deviation in the output from the in~cylinder pressure sensor
32, bYICOmparing the record of the estimated in-cylinder
pressure Py, which was computed in step 200, and the record
of the actual in-cylinder pressure Pc, which was acgquired
in step 800. The above-mentioned distortion will not be
superposed over the record of the estimated in-cylinder
pressure Py that is calculﬁted by the aforementioned method
according to the present invention. Therefore, the
distortion in the pressure record, that is, the output
deviation of the in-cylinder pressure sensor 32, can be
deteqtéd by comparing the estimated value and measured value
of the in-cylinder pressure Pc as described above.

Next, step 804 is performed to correct the output
deviation of the 1in-cylinder pressure sensor 32 1in
accordance with the distortion detected iﬁ sfep 802, Step
806 is then performed to judge whether the distortion
detected in step 802 is greater tﬁan.a predetermined value.
If the obtained judgment result indicates that the
distortion is gfeater than the predetermined value, step

808 is performed to conclude that the in-cylinder pressure
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sensor 32 is deteriorated. When a deterioration judgment
is formulated in step 806, the distortion is compared against
the predetermined value. However, the present invention is
not limited to the use of such a deterioration judgment
method. An alternative is to judge whether the distortion
correction value used in step 804 is greater than a
predetermined value.

'According to the routine shown in Fig. 15, which has
been described above, the estimated in-cylinder pressure
Py and actual in-cylinder pressure Pc prevailing during th‘e
same combustion cycle can be compared. Therefore, sensor
error detection can be achieved with higher accuracy than
during the use of the coﬂventional method of 'estimating a
normal in-cylinder pressure for the current combustion
cycle from a phenomenon encountered during the preceding
combustion cycle or from statistics.

‘In the sixth embodiment, which has been described
above, the record of the in-cylinder pressure Py that was
estimated with the in-cylinder pressure sensor 32 is used
for comparison with the actual in-cylinder pressure Pc. The
method of correcting the output deviatiop of thé in-cylinder
pressure sensor 32 and detecting the deterioration of the
same sensor 32 by using the estim‘ated in-cylinder pressure
Py according to the present invention is not limited to the
use of the above comparison method. ‘For example, sensor

output deviation correction and sensor deterioration
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detection may be performed by comparing the in-cylinder

Ppressure Py, which the routine shown in Fig. 7 estimates with

the ion probe, against the in-cylinder pressure measured
by the in-cylinder pressure sensor 32. When this method is
used, deterioration detection can be achieved for both the
ion probe and in-cylinder pressure sensor 32.

In the sixth embodiment, which has been described

'above, £he "distortion detection means" according to the

sixteenth aspect of the present invention is implemented
when the ECU 40 performs step 802; the "sensor output
correction means" according to the sixteenth aspect of the
present invention is implemented when the ECU 40 performs
step 804; and the “sensér deterioration judgment means"”
according to the sixteenth aspect of the present invention

is implemented when the ECU 40 performs steps 806 and 808.

Seventh embodiment
[Changing fhe sampling frequency for actual.in-cylinder
pressure Pc in accordance with engine speed NE]

A seventh embodiment of the present invention will
now be descfibed with reference to Fig. i6!

The system according to the seventh embodiment also
uses the hardware configuration shown in Fig 1. When the
engine speed NE increases, the angular velocity of the crank

angle 6 increases. This reduces the intervals (time) of

predetermined crank angles 0. Therefore, when the engine
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speed NE increases, it becomes more difficult for the ECU
40 to measure (sample) the actual in-cylinder pressure Pc
in accordance with the output from the in-cylinder pressufe
sensor 32. Under such circumstances, the present
embodiment changes the sampling frequency for the actual’
in-cylinder pressure Pc in accordance with the engine speed
NE.

.Fig. 16 is a flqwchart illustrating a routine that
the ECU 40'executes to implement the above functionality
in accordance with the seventh embodiment. In the routine
shown in Fig. 16, step 900 is performed Ffirst to acquire
the engine speed NE. Next, step 902 is performed to judge
whether the current engine speed NE is greater than a
predetermined wvalue.

If the judgment result obtained in step 902 indicates
that the engine speed NE 1is not greater than the
predetérmined value, step 904 is performed to use the
in—cylindef Pressure Pc measured by the ‘in-cylinder
bressure sensor 32 as a basis for various engine control
functions. If, on the other hand, the obtained judgment
result indicates that the engine speed NE'is greater than
the predetermined value, step 906 is performed to use the
estimated in-cylinder pressure Py calculated by Equation 3
as a basis for various engine control functions. More
specifically, the record of the estimated in-cylinder

pressure Py is computed,"for instance, by performing step
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106 of the routine shown in Fig. 3 for each unit crank angle
0.

As described earlier, when the method of estimatiﬁg
the in-cylinder pressure Pc by using Equation 3 is used,
the in-cylinder pressure Pc at an arbitrary crank angle 0
can be estimated with ease and high accuracy by using only
two measured data. Therefore, the routine shown in Fig. 16
makes it possible to ;educe the load on the ECU 40 by
decreasing the sampling frequency of the ECU 40 within a
region where the engine speed NE is high. Further, when,
for instance, the above-mentioned routine is executed in
a parallel manner in the knock judgment system that uses
the esvtimated in—cylinder(pressure P in'accord'ance with the
third embodiment, the load imposed on the ECU 40 during a
knock judgment seqﬁence can be reduced in a region where
the engine speed NE is high.

In the seventh embodiment, which has been described
above, the'"control basic data selection means“ according
to the eighteenth aspect of the present dinvention is

implemented when the ECU 40 performs steps 902 and 906.

Eighth embodiment

[First example of torque demand control based on estimated
in-cylinder pressure Pg]

An eighth embodiment of the present invention will

now be described with reference to Figs. 17 and 18.
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The system according to the eighth embodiment also
uses the hardware configuration shown in Fig 1. The eighth
embodiment uses the estimated in-cylinder pressure Pe
calculated by Equation 3, and exercises control so that the
actual indicated torque of the internal combustion engine‘
10 coincides with a required torgue based on the vehicle
running state.

Fig. 17 is a flowchart illustrating a routine that
the ECU 40 executes to implement the above functionality
in accordance with the eighth embodiment. It is assumed
that the routine is executed for each combustion cycle of
the internal combustion engine 10 with predefined timing
before the start of combusfion. In the routine shown in Fig.
17, step 1000 is performed first to detect the vehicle's
currentrunningsfatebynmkinguseofvarioussensoroutputs.
More specifically, this step is followed to acquire the
informétion about an accelerator pedal depression amount,
the rate of a change in the accelerator pedal depression
amount, the engine speed NE, the vehicle speed, and the like.
Next, step 1002 is performed to calculate the required torque
which the internal combustion engine 10 shéuld generate to
comply with a driver's request, in accordance with the
vehicle running state. |

Next, step 1004 is performed to calculate the
indicated torque for the previous-combustionAcycle. More

specifically, the indicated torque for the previous cycle
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is calculated in the same manner as for the routine shown
in Fig. 6. Next, step 1006 is performed to estimate the
ignition timing SA in such a manner that the above—mentionéd
indicated torque coincides with the aforementioned required
torque.

More specifically, step 1006 is performed to execute
a routine that is shown in Fig. 18. 1In the routine shown
in Fig.‘fla, step 1100 ils performed first to set an initial
value for the ignition timing SA. Next, step 1102 is
performed‘ to estimate the combustion ‘start time 60 and
combustion end time Of in accordance with the ignition timing
SA set in step 1100 or 1112 and with the map shown in Fig.
4., Step 1104 is then perfsrmed to estimate the in-cylinder
pressure Pc by substituting into Equation 3 the heat release
amount PV that is based on the in-cylinder pressure PcC
measured at predetermined two points during the previous
combusfion cycle. Next, step 1106 is performed to calculate
the indicated torque by using the estimated 'in-'cylinder
pressure PcC.

Next, step 1108 is performed to judge whether the
indicated torque calculated in step 1106 co;i.ncides with the
required torque calculated in step 1002. If the obtained
judgment result indicates that the indicated torque does
not coincide with the required torque, step 1110 is performed
to advance or retard the ignition timing SA. Further, the

ignition timing SA changed in this manner is used to perform
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steps 1102 to 1108 again. If, on the other hand, the
obtained judgment result indicates that the indicated
torque coincides with the required torque, step 1112 is
performed to finally decide the current ignition timing SA
as the estimated value.

In the routine shown in Fig. 17, step 1008 is then
performed to exercise control so that the ignition timing
SA for the current combustion cycle coincides with the
ignition timing SA calculated in step 1006. Next, step 1010
is performed after combustion to calculate the actual
indicated torque for the current combustion cycle. More
specifically, the actual indicated torque is calculated by
substitutingintoEquatioﬁ:3theheatreleaseamountPVKthat
is based on the in-cylinder pressure Pc measured at
predetermined two points during the current combustion
cycle.

‘Next, step 1012 is performed to compare the actual
indicated torque for the current combustion cycle, which
was calculated in step 1010, against the required torgue
calculated in step 1002, and calculate the deviation between
the compared torque values. Step 1014 is fhen‘performed to
correct the required torgque for the next combustion cycle
in accordance with the deviationvcalculated in step 1012.
If, for instance, the actual indicated torque is smaller
than the required torgue, the required torque for the next

combustion cycle is increased for correction purposes.
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According to the routine shown in Fig. 17, which has
been described above, the estimated in-cylinder pressure
Pc acquired by Equation 3 can be used to obtain the indicatéd
torque for the previous combustion cycle. Further, ’the
estimated in-cylinder pressure Pc acquired by Equation 3
can be used to estimate the ignition timing SA with which
the actual indicated torque for the current combustion cycle
'coincid'és with the required torque. Further, the required
torque for the next combustion cycle is corrected in
accordance with the actual indicated torque for the current
combustion cycle, which is generated with the estimated
ignition timing SA. As described above, the system
according to the present‘ embodiment can exercise control
in accordance with the estimated in-cylinder pressure Pc
acquired by Equation 3 so that the torque of the internal
combustion engine 10 coincides with a desired required
torque;

In the eighth embodiment, which has been described .
above, the "required torque acquisition means" according
to the nineteenth aspect of the present invention is
implemented when the ECU 40 performs stepé 1000 and 1002;
and the "control index determination means" according to
the mnineteenth aspect- of the present invention is

implemented when the ECU 40 performs steps 1004 and 1006.
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Ninth embodiment
[Second example of torque demand control based on estimated
in-cylinder pressure Pgl

A ninth embodiment of the present invention will now
be described with reference to Figs. 19 and 20.

The system according to the ninth embodiment also
uses the hardware configuration shown in Fig 1. As is the
case with the eighth embodiment, the ninth embodiment uses
the estimated in-cylinder pressure Py calculated by Equation
3, and exercises control so that the actual indicated t;)rque
of the internal combustion engine 10 coincides with a
required torque based oﬂ the vehicle running state. The
ninth embodiment differs from the eighth.embodiment in that
the former preestimates the torque that the internal
combustion engine 10 can generate during the current
combustion cycle, instead of the indicated torque for the
previoﬁs combustion cycle, and estimates the ignition
timing SA with which the actual indicated torgue for the
current combustion cycle coincides with the required
torque.

Fig.‘19 is a flowchart illustratiné a4routine that
the ECU 40 executes to implement the above functionality
in accordance with the ninth emﬁodiment. When the ninth
embodiment is described with reference to Fig. 19, steps
identical with those described with reference to Fig. 17

for the eighth embodiment are designated by the same
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reference numerals as their counterparts and omitted from
the description or briefly described. 1In the routine shown
in Fig. 19, the in-cylinder filled air amount for the curreht
combustion cycle is calculated (step 1200) after"the
required torgue is calculated (step 1002). More’
specifically, the in-cylinder filled air amount can be
calculated by a relational expression (air model) that
‘defines the relationship between the in-cylinder DJ value
or the air amount and varioﬁs operation parameters for the
internal combustion engine 10.

Next, the maximum torque that the internal combustion
engine 10 can generate during the current combustion cycle
is predicted in accordancé with the in-cylindgr filled air
amount calculated in step 1200 (step 1202). The ignition
timing SA with which the actual indicated torque for the
current combustion cycle coincides with the aforementioned
requiréd torque is then estimated in accordance with the
predicted forque (step 1204).

More specifically, the routine shown in Fig. 20 is
performed in step 1204. The routine shown in Fig. 20 is
basically the same as the routine shown in Fig. 18. The
subsequent e#planation mainly deals with the difference
between these two routines. In’the routine shown in Fig.
20, the heat release amount PV* is estimated by referencing
a map (not shown) in’accordanceAwith'the infcylinder air

amount calculated 1in step 1200 (step 1300) after the
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combustion start time 060 and combustion end time O0f are
estimated (step 1102). Next, the heat release amount PV*
is substituted into Equation 3 to estimate the in—cylindér
pressure Pc (step 1104).

After the ignition timing SA is estimated by the
routine shown in Fig. 20, steps 1008 to 1014 of the routine
shown in Fig. 19 are sequentially performed.

According to the routine shown in Fig. 19, which has
been described above, the éstimated in-cylinder pressure
Pc acquired by Equation 3 can be used, in accordance with
the predicted torque that the internal combustion engine
10 ,dan generate during the current combustion cycle, to
estimate the ignition timing SA with which the actual
indicated torgque for the current combustion cycle coincides
with the required torque. Further, the required torque for
the next combustion cycle is corrected in accordance with
the actﬁal indicated torque for the current combustion cycle
which is geherated while the estimated ignitiqn timing SA
prevails. As described above, the system according to the
present embodiment can exercise control in accordance with
the estimated in-cylinder pressure Pc acun:.red by Equation
3 so that the torque of the internal combustion engine 10
coincides with a desired require;i torque.

In the ninth embodiment, which has been described
above, the "control index determination means" according

to the nineteenth aspedt of the present invention is
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implemented when the ECU 40 performs steps 1200 to 1204.

Tenth embodiment
[Third example of torque demand control based on estimated
in-cylinder pressure Pyl

A tenth embodiment of the present invention will now
be described with reference to Fig. 21.

‘The system accqrding to the tenth embodiment also
uses the hardware configuration shown in Fig 1. The tenth
embodiment uses the estimated in-cylinder pressure Py
calculated by Equation 3, and determines  various
in-cylinder pressure determination parameters in such a
manner as to obtain a reéuired in-cylinder pressure that
corresponds .to the required torque.

Fig. 21 is a flowchart illustrating a routine that
the ECU 40 executes to implement the above functionality
in accbrdance with the tenth embodiment. In the routine
shown in Fig. 21, step 1400 is performed first to calculate
the required torque for the internal combustion engiﬁe 10
in accordance with the accelerator opening, engine speed
NE, and othef vehicle running conditions.. Néxt, step 1402
is performed to replace the required torque, which was
calculated in step 1400, with Ehe required in-cylinder
pressure that should be generated within each cylinder to
provide the required torque.

Next, step 1404 is performed to determine the
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parameters in Equation 3 so that the estimated in-cylinder
pressure Pc equivalent to the required in-cylinder pressure
calculated in step 1402 is calculated by Equation 3. The
parameters are the combustion start time 60, combustion end
time Of, combustion speed a, constant m, and gain G. The
gain G depends on the in-cylinder air amount and multiplies
the term related to the Weibe function in Egquation 3 (the
term cofresponding to the right-hand side of Equation 2).

Next, step 1406 is performed to determine the control
amount of each actuator in accordaﬁce with the parameter
values determined in step 1404 and control each actuator
in accordance with the control amount. More specifically,
the ignition timing SA is‘ determined by referencing a map
similar to the one shown in Fig. 4 in accordance with the
combustion start time 00 and combustion end time 6£. Further

the phase control amounts VVT (valve overlap amounts) to

.be provided for the intake valve 22 and exhaust valve 24

by the variable valve timing mechanism are de'termined in
accordance with the combustion speed a. Furthermore, the
throttle opening TA is determined in accordance with the
gain G. Here, the control amount VVT. is determined
according to the combustion speed a. However, the present
invention is not limit to the use of such a method. An
alternative is to determine the 1lift amount for the intake
valve 22 instead of the control amount VVT or both the intake

valve 1lift amount and confrol amount VVT in accordance with
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the combustion speed a. Although the throttle opening TA
is determined according to the gain G, the present invention
is not limited to the use of such a method. An alternative
is to determine the opening period of the intake wvalve 22
instead of the throttle opening TA or both the intake valve '
opening period and throttle opening TA in accordance with
the gain G. Here, it is assumed that the constant m is a
fixed value. However,. if fast burning takes place, this
constant m should be increased.

The routine shown in Fig. 21, which has been described
above, uses Equation 3 to determine the parameters (60, 6f,
a, Aetc..) necessary for acquiring the required in-cylinder
pressure (required torquel) , and controls various actuators
(electronically controlled throttle valve, variable valve
timing mechanism, etc.)., which control the torque
(combustion) of the internal combustion engine 10, in
accordénce withvthe determined parameters. 1In other words,
the system é.ccording to the present embodiment can exercise
torgue (combustion) control in accordance with a desired
required torque (the required in-cylinder ©pressure
corresponding to it) by making use of Equation 3. Further,
the system according to the present embodiment can control
the valve overlap amount, ignitio’n timing SA, and the like
in accordance with the parameters determined as described
above without making the intake -air -amount excessive or

insufficient and without 'retarding the ignition timing SA.
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In the tenth embodiment, which has been described
above, the "control index determination means" according
to the nineteenth aspect of the present invention is

implemented when the ECU 40 performs step 1404; the “requii‘ed

in-cylinder pressure acquisition means” according to the '

twentieth aspect of the present invention is implemented
when the ECU 40 performs step 1402; and the "control means"
accordi‘rig to the twenty-second aspect of the present

invention is implemented when the ECU 40 performs step 1406.



WO 2007/013663 PCT/JP2006/315250

038

CLAIMS

1. An internal combustion engine control apparatus
comprising:

o heat release amount information acquisition means
for acguiring heat release amount information about an
internal combustion engine;

'felationship ipformation acquisition means for

acqguiring relationship information that defines the

10 relationship among the heat release amount information, a

predetermined parameter that serves as a control index for

the internal combustion engine, and in-cylinder pressure;
and ’

pressure estimation means for estimating the

15 in-cylinder pressure in accordance with the relationship

information.

2, The internal combustion engine contrpl apparatus

according to claim 1, wherein the predetermined parameter,

20 which serves as a control index, is at least one of a
combustion starf time, a combustion eﬁdh time, and a

combustion speed.

3. An internal combustion engine control apparatus
25 comprising:

heat release amount information acquisition means
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for acquiring heat release amount information about an
internal combustion engine;

combustion ratio information acquisition means for
acquiring in-cylinder combustion ratio information about
the infernal combustion engine;

relationship information acquisition means for
acquiring relationship information that defines the
relatiohship among the heat release amount information, the
combustion ratio information, and in-cylinder pressure; and

pressure estimation means for estimating the
in-cylinder pressure in accordance with the relationship

information.

4. The internal combustion engine control apparatus
according ' to claim 3, wherein the combustion ratio
information acquisition means acquires the combustion ratio
information in accordance with a Weibe function that
contains a combustion start time, a combustion end time,

and a combustion speed.

5. The internal combustion engine céntfol apparatus
according to claim 4, further comprising:

in-cylinder pressure deteétion means for detecting
in—cylinder pressure,

wherein the heat release —-amount information

acquisition means acquires the heat release amount
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information in accordance with in-cylinder pressures
measured at at least two crank'angles;

wherein the relationship information is defined in
accofdance with the relationship between the heat reléase
amount information and the Weibe function; and

wherein the pressure estimation means estimates
in-cylinder pressure at a crank angle other than the at least

two crank angles.

6. The internal combustion engine control apparatus
according to claim 3, further comprising:

ion detection means for detecting ions that are
generated in a cylinderxr Auring combustion,

wherein the combustion ratio acguisition means
acquires the combustion ratio information in accordance

with a value of the detected ions.

7. The internal combustion engine control apparatus
according to claim 6, wherein the heat release amount
information acquisition means acquires heat release amount
information in accordance with the inforﬁation about an
in-cylinder filled air amount; and wherein the relationship
information is defined in accordance with the value of the

detected ions and the heat release amount information.

8. The internal combustion engine control apparatus
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according to claim 1 or 3, further comprising combustion
information estimation means for estimating a heat release
rate and/or indicated torque 1in accordance with an
in-cylinder pressure value estimated by the pressure

estimation means.

9. The interhal combustion engine control apparatus
a'ccordiﬁg to any one of claims 1, 3, and 8, wherein the
internal combustion engine is controlled in accordance with
at least one of the in-cylinder pressure estimated by the
pressure estimation means, the heat release rate estimated
by the combustion informétion estimation means, and the
indicated torque estimatea by the combustion _information

estimation means.

10. The internal combustion engine control apparatus
accordihg to claim 9, wherein at least one of ignition timing
control, fuel injection control, valve opening
characteristics control, and torque control is included in

the internal combustion engine control.

11. The internal combustion engine control apparatus
according to any one of claims 1, 3, and 8, further
comprising:

in-cylinder pressure detection means for detecting

in-cylinder pressure; and
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knock information acquisition means for comparing an
in-cylinder pressure value estimated by the pressure
estimation means against an in-cylinder pressure valﬁe
measured by the in-cylinder pressure detection means, and

acquiring the information about knocking.

12. The internal combustion engine control apparatus
according to any one ‘ of claims 1, 3, and 8, further
comprisiné:

estimated heat release rate acquisition means for
acquiring an estimated heat release rate value in accordance
with the estimated in-cylinder pressure value;

actual heat releése rate acduisition means for
acquiring a measured heat release rate value in accordance
with the measured in-cylinder pressure value; and

knock information acquisition means for comparing
the estimated heat release fate value against the measured
heat release rate value and acquiring the information about

knocking.

13.Theinternalcombustionenginecéntrolapparatus
according to claim 11 or 12, wherein the knock information
acquisition means acquires the information about knocking
when the internal combustion engine's load factor is

relatively high.
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14. The internal combustion engine control apparatus
according to claim 1 or 3, further comprising:

pressure record acguisition means for acquiringla
record of in-cylinder pressure that is estimated by the
pressure estimation means during the same combustion cycle;

maximum pressure value generation time acquisition
means for acquiring the time for invoking the maximum
in—cyliﬁder pressure value from the record of the estimated
in~cylinder pressure; and

ignition timing control means for controlling
ignition timing so that the time for invoking the maximum
value coincides with the time for invoking the maximum
in-cylinder pressure in’a situation where the ignition

timing is adjusted for the MBT.

15. The internal combustion engine.control apparatus
according to claim 1 or 3, further comprising:

pressure record acguisition means for'acquiring a
record of in-cylinder pressure that is estimated by the
pressure estimation means during the same combustion cycle;

maximumpressurevalueinformationaéquisitionnmans
for'acquiring'the information about the maximum in-cylinder
pressure from the record of the estimated in-cylinder
pressure; and

air-fuel ratio control means for exercising control

so as to provide a lean or rich air-fuel ratio in accordance
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with the information about the maximum in-cylinder

pressure.

16. The internal combustion engine control apparatus
according to claim 1 or 3, further comprising:

pressure record acquisition means for acquiring a
record of in-cylinder pressure that is estimated by the
'pressuré estimation means during the same combustion cycle;

an in-cylinder pressure sensor for detecting
in-cylinder pressure;

distortion detection means for comparing the record
of the estimated in-cylinder pressure against a reqord of
in-cylinder pressure meagured by the in-cylinder pressure
detection means, and acquiring distortion from the record
of measured in-~cylinder pressure; and

sensor output correction means for correcting the
output \of the in-cylinder pressure sensor in accordance with

the distortion.

17. The internal combustion engine control apparatus
according to claim 1 or 3, further comprising:

pressure record acquisition means for acquiring a
record of in-cylinder pressure that is estimated by the
pressure estimation means during the same combustion cycle;

an in-cylinder pressure = sensor for detecting

in-cylinder pressure;
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distortion detection means for comparing the record

of the estimated in-cylinder pressure against a record of

in-cylinder pressure measured by the in-cylinder pressure
detection means, and acquiring distortion from the record
of measured in-cylinder pressure; and

sensor deterioration judgment means for determining

according to the distortion whether the in-cylinder

pressure sensor is deteriorated.

18. The internal combustion engine control apparatus
according to claim 1 or 3, further comprising:.

control basic data selection means for selecting
in-cylinder pressure estimated by the pressure estimation
means as an in-cylinder pressure value for use as a basis
for internal combustion engine control when the engine speed

is relatively high.

19.AAn internal combustion engine control apparatus
comprising:

required torque acguisition means for acquiring
torque required for an internal combustion engine;

heat release amount information acgquisition means
for acquiring heat release amount information about the
internal combustion engine;

relationship information acquisition means for

acguiring relationship- information that defines the
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relationship among the heat release amount information, a
predetermined parameter that sexrves as a control index for
the internal combustion engine, and in-cylinder pressuré;
and

control index determination means for defining the
predetermined parameter, which serves as a control index,
in accordance with the required torque and the relationship

information.

20. The internal combustion engine control apparatus
according to claim 19, further comprising:

required in-cylinder pressure acquisition means for
acquiring required in-cylinder pressure that corresponds
to the required torque,

wherein the control index determination means
defines the predetermined parameter, which serves as a
controlAindex, in accordance with the required in-cylinder

pressure and the relationship information.

21. The internal combustion engine control apparatus
according to claim 19 or 20, wherein the predetermined
parameter, which serves as a control index, is at least one
of a combustion start time, a combustion end time, and a

combustion speed.

22.Theinternalcombustianenginecontrolapparatus
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according to claim 21, further comprising:

control means for controlling at least either a valve
overlap amount or ignition timing in accordance with tﬁe
predetermined parameter, which is defined by the control

index determination means and used as a control index.
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