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(67) A control apparatus for an internal combustion
engine is configured to: calculate measured data for MFB
in synchrony with crank angle based on in-cylinder pres-
sure detected by an in-cylinder pressure sensor; execute
SA-CA10 feedback control and CA50 feedback control
based on a measured CA10 and a measured CA50 that

are calculated based on the measured data; execute en-
gine control based on a degree of correlation between
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bustion period by linear interpolation and linear extrapo-
lation based on a target CA50 and a specified CA10.
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Description
Background of the invention
Technical Field

[0001] The presentinvention relates to a control apparatus for an internal combustion engine, and more particularly
to a control apparatus for controlling an internal combustion engine that includes an in-cylinder pressure sensor.

Background Art

[0002] In Japanese Patent Laid-Open No. 2008-069713, a combustion control apparatus for an internal combustion
engine that includes an in-cylinder pressure sensor is disclosed. In the combustion control apparatus, data for mass
fraction burned that is synchronized with a crank angle is calculated using an in-cylinder pressure sensor and a crank
angle sensor, and an actual combustion start point and a combustion center are calculated based on the data. In addition,
if a difference obtained by subtracting the actual combustion start point from the combustion center exceeds an upper
limit, the combustion control apparatus determines that combustion has deteriorated, and implements a countermeasure
for improving combustion, such as increasing the fuel injection amount. Note that, in Japanese Patent Laid-Open No.
2008-069713, as one example, an appropriate value during a period in which mass fraction burned is from 10 to 30
percent is used as the aforementioned actual combustion start point that is a crank angle when combustion is actually
started in a cylinder, and, for example, an appropriate value during a period in which mass fraction burned is from 40 to
60 percent is used as the combustion center.

[0003] In Japanese Patent Laid-Open No. 2011-106334, a method for estimating a heat release rate in a cylinder
using a Wiebe function is disclosed. According to this estimation method, the average in-cylinder pressure and average
in-cylinder temperature in a specific period as well as the volumetric efficiency of intake air, the engine speed, the fuel
injection amount, the fuel injection pressure and the EGR rate are used as operating condition parameters to estimate
the heat release rate.

List of Related Art
[0004] Following is a list of patent documents which the applicant has noticed as related arts of the present invention.

[Patent Document 1]
Japanese Patent Laid-Open No. 2008-069713
[Patent Document 2]
Japanese Patent Laid-Open No. 2011-106334

Technical Problem

[0005] A waveform of measured data for mass fraction burned changes in accordance with the combustion state
(specifically, in accordance with whether or not satisfactory combustion is performed) or in accordance with the envi-
ronment around the internal combustion engine (for example, the temperature environment). Therefore, if measured
data for mass fraction burned can be appropriately analyzed on board, changes in the combustion state or environment
can be ascertained and it will be possible to appropriately perform engine control as a countermeasure with respect to
such changes.

[0006] Here, a crank angle when mass fraction burned is a specified fraction is referred to as a "specified fraction
combustion point". The technique disclosed in Japanese Patent Laid-Open No. 2008-069713 compares a difference
between measured values at two specified fraction combustion points, namely, the actual combustion start point and
the combustion center, with a determination value (upper limit value) to ascertain the combustion state. However, the
form of a change in measured data for mass fraction burned differs in accordance with the individual factors that cause
achange. Consequently, when only measured values at two specified fraction combustion points are utilized as described
above, in some cases a factor that caused a change in the waveform of measured data cannot be accurately identified.
[0007] Itis considered that if data for mass fraction burned that is to serve as a reference when evaluating measured
data for mass fraction burned on board is provided, changes in the combustion state or environment can be ascertained
more accurately by comparing measured data for a larger number of specified fraction combustion points than two
specified fraction combustion points with the reference data. According to the technique described in Japanese Patent
Laid-Open No. 2011-106334, the heat release rate can be estimated using a Wiebe function. Data for mass fraction
burned can be generated based on data for the heat release rate that is estimated in this manner, and a technique for
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doing so is known.

[0008] Therefore, itis conceivable to utilize data for mass fraction burned that is generated by the above described
technique as reference data. However, as described above, a large number of operating condition parameters are
required in order to perform a calculation using a Wiebe function. Consequently, this technique involves a high calculation
load. Further, mathematization of combustion is in itself originally difficult, and it is also difficult to extract all the factors
that influence combustion. Consequently, it can be said that with this technique it is difficult to ensure the accuracy of
the data for mass fraction burned that is generated. Accordingly, it cannot be said that this technique is suitable for
implementation with respect to an internal combustion engine.

Summary of the Invention

[0009] The presentinvention has been made to address the above described problem, and an object of the present
invention is to provide a control apparatus for an internal combustion engine that, in an internal combustion engine in
which engine control is performed based on specified fraction combustion points, simply and accurately generates
reference data for mass fraction burned, and can perform engine control that serves as a countermeasure that is in
accordance with the form of a change in measured data for mass fraction burned while taking the reference data as a
standard.

[0010] A control apparatus for an internal combustion engine according to the presentinvention is configured to control
an internal combustion engine that includes one or more actuators used for engine control. The control apparatus
includes: an in-cylinder pressure sensor configured to detect an in-cylinder pressure; a crank angle sensor configured
to detect a crank angle; mass fraction burned calculation means configured to calculate measured data for mass fraction
burned that is synchronized with crank angle, based on an in-cylinder pressure detected by the in-cylinder pressure
sensor and a crank angle detected by the crank angle sensor; combustion point calculation means configured to calculate
a measured value for a specified fraction combustion point that is a crank angle when a mass fraction burned becomes
a specified fraction based on the measured data for mass fraction burned; first control means configured to execute a
first engine control that, based on a first specified fraction combustion point that is a crank angle when a mass fraction
burned becomes a first specified fraction, or based on a first parameter that is defined based on the first specified fraction
combustion point, controls any one or a plurality of the one or more actuators so that the first specified fraction combustion
point or the first parameter becomes a target value; second control means configured to execute a second engine control
that, based on a second specified fraction combustion point that is a crank angle when a mass fraction burned becomes
a second specified fraction, or based on a second parameter that is defined based on the second specified fraction
combustion point, controls any one or a plurality of the one or more actuators so that the second specified fraction
combustion point or the second parameter becomes a target value; and third control means configured to execute a
third engine control that, based on a degree of correlation of the measured data for mass fraction burned and reference
data for mass fraction burned, controls any one or a plurality of the one or more actuators, wherein the reference data
is based on an operating condition of the internal combustion engine. The reference data for mass fraction burned in at
least a crank angle period from a 10% combustion point to a 90% combustion point in a combustion period is generated
by at least one of linear interpolation and linear extrapolation based on a first target value and a second target value.
The first target value is either a target value of the first specified fraction combustion point or the first specified fraction
combustion point that is specified based on a target value of the first parameter. The second target value is either a
target value of the second specified fraction combustion point or the second specified fraction combustion point that is
specified based on a target value of the second parameter. When a first crank angle period that is a crank angle period
prior to the combustion period is included in the reference data for mass fraction burned, the reference data for mass
fraction burned in the first crank angle period is data in which mass fraction burned is zero percent. When a second
crank angle period that is a crank angle period after the combustion period is included in the reference data for mass
fraction burned, the reference data for mass fraction burned in the second crank angle period is data in which mass
fraction burned is 100 percent.

[0011] Thefirstspecified fraction combustion point and the second specified fraction combustion point may be specified
fraction combustion points within the crank angle period from the 10% combustion point to the 90% combustion point.
[0012] The third engine control may be engine warm-up control that raises a temperature of the internal combustion
engine, and be executed when a degree of correlation between the measured data and the reference data for mass
fraction burned in a prior period that is a crank angle period including a combustion period prior to a third specified
fraction combustion point when a mass fraction burned is a third specified fraction is greater than or equal to a first
determination value, and a degree of correlation between the measured data and the reference data for mass fraction
burned in a latter period that is a crank angle period including a combustion period from and after the third specified
fraction combustion point is lower than a second determination value.

[0013] The third engine control may be misfiring suppression control that suppresses occurrence of misfiring, and be
executed when a degree of correlation between the measured data and the reference data for mass fraction burned in
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a prior period that is a crank angle period including a combustion period prior to a third specified fraction combustion
point when a mass fraction burned is a third specified fraction is lower than a third determination value, and a degree
of correlation between the measured data and the reference data for mass fraction burned in a latter period that is a
crank angle period including a combustion period from and after the third specified fraction combustion point is lower
than a fourth determination value.

[0014] A correlation index value that indicates the degree of correlation may be calculated using a cross-correlation
function.

[0015] According to the present invention, in an internal combustion engine in which a first engine control that is based
on a first specified fraction combustion point or a first parameter that is defined based on the first specified fraction
combustion point, and a second engine control that is based on a second specified fraction combustion point or a second
parameter that is defined based on the second specified fraction combustion point are executed, reference data for
mass fraction burned in at least a crank angle period from a 10% combustion point to a 90% combustion point during a
combustion period is generated by at least one of linear interpolation and linear extrapolation based on a first target
value and a second target value. The first target value is either a target value of the first specified fraction combustion
point or the first specified fraction combustion point that is specified based on a target value of the first parameter. The
second target value is either a target value of the second specified fraction combustion point or the second specified
fraction combustion point that is specified based on a target value of the second parameter. According to this generation
method, reference data for mass fraction burned can be generated simply and accurately while grasping a characteristic
of a waveform of data for mass fraction burned. Further, according to the present invention, a third engine control is
executed based on a degree of correlation between reference data generated in this manner and measured data. By
this means, engine control that serves as a countermeasure that is in accordance with the form of a change in measured
data for mass fraction burned can be performed in a manner that adopts the reference data as a standard.

Brief Description of the Drawings
[0016]

Fig. 1 is a view for describing the system configuration of an internal combustion engine according to a first embod-
iment of the present invention;

Fig. 2 is a view that represents a waveform of mass fraction burned and a spark timing SA;

Fig. 3 is a block diagram for describing an outline of two types of feedback control utilizing CA10 and CA50 that an
ECU executes;

Fig. 4 is a view that represents a relation between air-fuel ratio and SA-CA10;

Fig. 5 is a view for describing a method for creating reference data for MFB according to the first embodiment of
the present invention;

Fig. 6 is a view in which an example of a waveform of measured data for MFB in which a divergence arises relative
to a waveform of reference data due to excessive cooling loss is schematically represented;

Fig. 7 is a view in which an example of a waveform of measured data for MFB in which a divergence arises relative
to a waveform of reference data due to the occurrence of semi-misfiring or misfiring is schematically represented;
Fig. 8 is a flowchart illustrating a routine that is executed in the first embodiment of the present invention; and

Fig. 9 is a view for describing an example in which a degree of correlation of MFB data is evaluated at three specified
fraction combustion points and a change in the measured data for MFB that is caused by an excessive increase in
cooling loss is determined.

Detailed Description

First Embodiment

[0017] A first embodiment of the present invention will be described referring to Fig. 1 to Fig. 8.

[System Configuration of First Embodiment]

[0018] Fig. 1 is a view for describing the system configuration of an internal combustion engine 10 according to a first
embodiment of the present invention. The system shown in Fig. 1 includes a spark-ignition type internal combustion
engine 10. A piston 12 is provided in each cylinder of the internal combustion engine 10. A combustion chamber 14 is
formed on the top side of the piston 12 inside the respective cylinders. An intake passage 16 and an exhaust passage

18 communicate with the combustion chamber 14.
[0019] Anintake valve 20 is provided in an intake port of the intake passage 16. The intake valve 20 opens and closes
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the intake port. An exhaust valve 22 is provided in an exhaust port of the exhaust passage 18. The exhaust valve 22
opens and closes the exhaust port. An electronically controlled throttle valve 24 is provided in the intake passage 16.
Each cylinder of the internal combustion engine 10 is provided with a fuel injection valve 26 for injecting fuel directly into
the combustion chamber 14 (into the cylinder), and an ignition device (only a spark plug is illustrated in the drawings)
28 for igniting an air-fuel mixture. An in-cylinder pressure sensor 30 for detecting an in-cylinder pressure is also mounted
in each cylinder.

[0020] The system of the present embodiment also includes, in addition to an electronic control unit (ECU) 40, drive
circuits (not shown in the drawings) for driving various actuators and various sensors that are described below and the
like, as a control apparatus that controls the internal combustion engine 10. The ECU 40 includes an input/output
interface, a memory, and a central processing unit (CPU). The input/output interface is configured to take in sensor
signals from various sensors installed in the internal combustion engine 10 or the vehicle in which the internal combustion
engine 10 is mounted, and to also output actuating signals to various actuators for controlling the internal combustion
engine 10. Various control programs and maps and the like for controlling the internal combustion engine 10 are stored
in the memory. The CPU reads out a control program or the like from the memory and executes the control program or
the like, and generates actuating signals for various actuators based on sensor signals that are taken in.

[0021] The sensors from which the ECU 40 receives signals include, in addition to the aforementioned in-cylinder
pressure sensor 30, various sensors for acquiring the engine operating state such as a crank angle sensor 42 that is
arranged in the vicinity of a crank shaft (not illustrated in the drawings), and an air flow sensor 44 that is arranged in the
vicinity of an inlet of the intake passage 16.

[0022] The actuators to which the ECU 40 outputs actuating signals include various actuators for controlling operation
of the engine such as the above described throttle valve 24, fuel injection valve 26 and ignition device 28. The ECU 40
also has a function that synchronizes an output signal of the in-cylinder pressure sensor 30 with a crank angle, and
subjects the synchronized signal to AD conversion and acquires the resulting signal. It is thereby possible to detect an
in-cylinder pressure at an arbitrary crank angle timing in a range allowed by the AD conversion resolution. In addition,
the ECU 40 stores a map in which the relation between a crank angle and an in-cylinder volume is defined, and can
refer to the map to calculate an in-cylinder volume that corresponds to a crank angle.

[Combustion Control in First Embodiment]
(Calculation of measured data for MFB utilizing in-cylinder pressure sensor)

[0023] Fig. 2 is a view that represents a waveform of mass fraction burned and a spark timing SA. According to the
system of the present embodiment that includes the in-cylinder pressure sensor 30 and the crank angle sensor 42, in
each cycle of the internal combustion engine 10, measured data for anin-cylinder pressure P can be acquired in synchrony
with a crank angle (more specifically, a set of in-cylinder pressures P that are calculated as values for the respective
predetermined crank angles). A heat release amount Q inside a cylinder at an arbitrary crank angle 6 can be calculated
according to the following equations (1) and (2) using the measured data for the in-cylinder pressure P that is obtained
and the first law of thermodynamics. Furthermore, a mass fraction burned (hereunder, referred to as "MFB") at an
arbitrary crank angle 0 can be calculated in accordance with the following equation (3) using the measured data for the
heat release amount Q inside a cylinder that is calculated (set of heat release amounts Q calculated as values for the
respective predetermined crank angles). Further, measured data for MFB (measured MFB set) that is synchronized with
the crank angle can be calculated by executing processing to calculate the MFB at each predetermined crank angle.
The measured data for MFB is calculated in a combustion period and in a predetermined crank angle period before and
after the combustion period (here, as one example, a crank angle period from a closing timing IVC of the intake valve
20 to an opening timing EVO of the exhaust valve 22).

dQ/dH:Lx(de—P-l-szcxd—V) (1)
k-1 do dé

0-3% ..

_ 20)=906wm) 199 ... (3)
00,...)—006...)
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[0024] Where, in the above equation (1), V represents an in-cylinder volume and « represents a ratio of specific heat
of in-cylinder gas. Further, in the above equation (3), 8,,;, represents a combustion start point and 6,,,,, represents a
combustion end point.

[0025] According to the measured data for MFB that is calculated by the above method, a crank angle when MFB is
a specified fraction a(%) (hereunder, referred to as "specified fraction combustion point", and indicated by attaching
"CAa") can be acquired. More specifically, when acquiring the specified fraction combustion point CAa, although it is
also possible for a value of the specified fraction o to be successfully included in the measured data for MFB, when the
value is not included, the specified fraction combustion point CAa can be calculated by interpolation based on measured
data located on both sides of the specified fraction a. Hereunder, in the present description, a value of CAa that is
acquired utilizing measured data for MFB is referred to as "measured CAa". A typical specified fraction combustion point
CAa will now be described referring to Fig. 2. Combustion in a cylinder starts accompanying an ignition delay after
igniting an air-fuel mixture is performed at the spark timing SA. A start point of the combustion (8,,;, in the above described
equation (3)), that is, a crank angle when MFB starts to rise is referred to as "CAQ". A crank angle period (CA0-CA10)
from CAO until a crank angle CA10 that is a time that MFB becomes 10% corresponds to an initial combustion period,
and a crank angle period (CA10-CA90) from CA10 until a crank angle CA90 that is a time that MFB becomes 90%
corresponds to a main combustion period. Further, according to the present embodiment, a crank angle CA50 that is a
time that MFB becomes 50% is used as a combustion center. A crank angle CA100 that is a time that MFB becomes
100% corresponds to a combustion end point (8,,,, in the above described equation (3)) at which the heat release
amount Q reaches a maximum value. The combustion period is defined as a crank angle period from CAO to CA100.

(Engine control utilizing CAa)

[0026] Fig. 3 is a block diagram for describing an outline of two types of feedback control utilizing CA10 and CA50
that the ECU 40 executes. The engine control that the ECU 40 performs includes control utilizing the specified fraction
combustion point CAa. Here, as examples of engine control utilizing the specified fraction combustion point CAa, two
types of feedback control that utilize CA10 and CA50, respectively, will be described. According to the present embod-
iment, these controls are executed during lean-burn operation that is performed at a larger (fuel-leaner) air-fuel ratio
than the theoretical air-fuel ratio.

1. Feedback Control of Fuel Injection Amount Utilizing SA-CA10

[0027] In this feedback control, CA10 that is the 10% combustion point is not taken as a direct target value, but is
instead utilized as follows. That is, in the present description, a crank angle period from the spark timing SA to CA10 is
referred to as "SA-CA10". More specifically, SA-CA10 that is a difference obtained by subtracting the spark timing SA
from the measured CA10 is referred to as "measured SA-CA10". Note that, according to the present embodiment, a
final target spark timing (command value of spark timing in next cycle) after adjustment by feedback control of the spark
timing utilizing CA50 as described later is used as the spark timing SA that is used for calculating the measured SA-CA10.
[0028] Fig. 4 is a view that represents a relation between the air-fuel ratio and SA-CA10. This relation is a relation in
a lean air-fuel ratio range that is on a lean side relative to the theoretical air-fuel ratio, and is a relation under an identical
operating condition (more specifically, an engine operating condition in which the intake air flow rate and engine speed
are identical). SA-CA10 is a parameter that represents an ignition delay, and there is a constant correlation between
SA-CA10 and the air-fuel ratio. More specifically, as shown in Fig. 4, in the lean air-fuel ratio range, there is a relation
that SA-CA10 increases as the air-fuel ratio becomes leaner. Therefore, a target SA-CA10 that corresponds to a desired
target air-fuel ratio can be determined by utilizing this relation. In addition, according to the present embodiment a
configuration is adopted so that, during lean-burn operation, feedback control is executed that adjusts a fuel injection
amount so that the measured SA-CA10 comes close to the target SA-CA10 (hereunder, referred to simply as "SA-CA10
feedback control").

[0029] As shown in Fig. 3, in the SA-CA10 feedback control, the target SA-CA10 is set in accordance with the engine
operating condition (more specifically, the target air-fuel ratio, the engine speed and the intake air flow rate). The measured
SA-CA10 is calculated for each cycle in the respective cylinders. Further, in the SA-CA10 feedback control, as one
example, Pl control is used to adjust the fuel injection amount so that a difference between the target SA-CA10 and the
measured SA-CA10 is eliminated. In the PI control, using a difference between the target SA-CA10 and the measured
SA-CA10 as well as a predetermined PI gain (proportional gain and integral gain), a correction amount for the fuel
injection amount is calculated in accordance with the size of the difference and the size of an integrated value thereof.
A correction amount that is calculated for each cylinder is reflected in the basic fuel injection amount of the cylinder that
is the object of adjustment. As result, the fuel injection amount to be supplied in the next cycle at the cylinder is adjusted
(corrected) by the SA-CA10 feedback control.

[0030] According to the SA-CA10 feedback control, in a cylinder in which a measured SA-CA10 that is less than the
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target SA-CA10 is obtained, correction is executed that decreases the fuel injection amount to be used in the next cycle
to thereby make the air-fuel ratio leaner and increase the measured SA-CA10. Conversely, in a cylinder in which a
measured SA-CA10 that is greater than the target SA-CA10 is obtained, correction is executed that increases the fuel
injectionamountto be used in the next cycle to thereby make the air-fuel ratio richer and decrease the measured SA-CA10.
[0031] According to the SA-CA10 feedback control, by utilizing SA-CA10 that is a parameter that has a high correlation
with the air-fuel ratio, the air-fuel ratio during lean-burn operation can be controlled to a target value (target air-fuel ratio).
Consequently, by setting the target SA-CA10to a value corresponding to an air-fuel ratio in the vicinity of alean combustion
limit, the air-fuel ratio can be controlled in the vicinity of the lean limit. By this means, low fuel consumption and low NOx
emissions can be realized.

2. Feedback Control of Spark Timing Utilizing CA50

[0032] The optimal spark timing (so-called "MBT (minimum advance for the best torque) spark timing") changes
according to the air-fuel ratio. Therefore, if the air-fuel ratio changes as a result of the SA-CA10 feedback control, the
MBT spark timing will also change. On the other hand, CA50 when the MBT spark timing is obtained substantially does
not change with respect to the air-fuel ratio in the lean air-fuel ratio range. Therefore it can be said that, by adopting, as
atarget CA50, CA50 when the MBT spark timing is obtained, and correcting the spark timing so that a difference between
the measured CA50 and the target CA50 is eliminated, the spark timing at a time of lean-burn operation can be adjusted
to the MBT spark timing without being affected by a change in the air-fuel ratio as is described above. Therefore, according
to the present embodiment a configuration is adopted that, during lean-burn operation, together with the SA-CA10
feedback control, also executes feedback control that adjusts the spark timing so that the measured CA50 comes close
to the target CA50 (hereunder, referred to simply as "CA50 feedback control").

[0033] As shown in Fig. 3, in the CA50 feedback control, the target CA50 for making the spark timing the MBT spark
timing is set to a value that is in accordance with the engine operating condition (more specifically, the target air-fuel
ratio, the engine speed and the intake air flow rate). Note that, the term "CA50 feedback control" used herein is not
necessarily limited to control that controls the spark timing so as to obtain the MBT spark timing. That is, the CA50
feedback control can also be used when a spark timing other than the MBT spark timing is adopted as a target value,
such as at so-called a time of retarded combustion. In such a case, for example, in addition to the above described
engine operating condition, the target CA50 can be set so as to change in accordance with a target ignition efficiency
(index value indicating a degree of divergence of the target value from the MBT spark timing).

[0034] The measured CA50 is calculated for each cycle in the respective cylinders. Further, in the CA50 feedback
control, as one example, Pl control is used to correct the spark timing relative to the basic spark timing so that a difference
between the target CA50 and the measured CA50 is eliminated. The basic spark timing is previously stored in the ECU
40 as a value that is in accordance with the engine operating condition (mainly, the intake air flow rate and engine speed).
In the PI control, using a difference between the target CA50 and the measured CA50 as well as a predetermined PI
gain (proportional gain and integral gain), a correction amount of the spark timing is calculated that is in accordance
with the size of the difference as well as the size of an integrated value of the difference. A correction amount that is
calculated for each cylinder is reflected in the basic spark timing for the target cylinder. By this means, the spark timing
(target spark timing) to be used in the next cycle at the cylinder is adjusted (corrected) by the CA50 feedback control.
[0035] A value of the air-fuel ratio at the lean combustion limit changes upon receiving the influence of the spark timing.
More specifically, for example, when the spark timing is being retarded relative to the MBT spark timing, the value of
the air-fuel ratio at the lean combustion limit moves to the rich side in comparison to when being controlled at the MBT
spark timing. If the SA-CA10 feedback control is executed without taking into consideration the above described influence
of the spark timing on the value of the air-fuel ratio at the lean combustion limit, there is a concern that misfiring will
occur when the air-fuel ratio deflects to a value on the lean side due to the SA-CA10 feedback control. Therefore,
according to the present embodiment, as a preferred embodiment of the SA-CA10 feedback control, a configuration is
adopted in which the SA-CA10 feedback control is performed only in a combustion cycle in which the CA50 feedback
control is in a sufficiently converged state (that is, a state in which the spark timing comes sulfficiently close to the MBT
spark timing). Further, in order to favorably ensure the execution frequency of the SA-CA10 feedback control when
performing the SA-CA10 feedback control in such a situation, according to the present embodiment a configuration is
adopted in which the response speed of the CA50 feedback control is made higher than the response speed of the SA-
CA10 feedback control. Such a setting of the response speed can be realized, for example, by making the Pl gain to be
used in the CA50 feedback control larger than the Pl gain to be used in the SA-CA10 feedback control.

[0036] Note that, the SA-CA10 feedback control and the CA50 feedback control are executed for each cylinder in the
above described situation. Although the internal combustion engine 10 of the presentembodiment includes the in-cylinder
pressure sensor 30 in each cylinder, in the case of an internal combustion engine having a configuration in which, for
example, an in-cylinder pressure sensor is provided in only one representative cylinder, feedback control of the fuel
injection amount and the spark timing of all the cylinders may be performed utilizing the measured SA-CA10 and the
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measured CA50 that are based on the in-cylinder pressure obtained from the single in-cylinder pressure sensor.
[Evaluation of Measured Data for MFB Using Reference Data, and Countermeasure According to Evaluation Result]
(Necessity of evaluating measured data for MFB)

[0037] A waveform of measured data for MFB changes according to the combustion state (specifically, whether or not
satisfactory combustion is performed) or the environment surrounding the internal combustion engine 10 (for example,
the temperature environment). Therefore, if measured data for MFB can be appropriately analyzed on board, a change
in the combustion state or environment can be ascertained and engine control that serves as a countermeasure to the
change can be appropriately performed. Further, if reference data to serve as a standard in the aforementioned analysis
is provided, it can be said that the aforementioned change can be more appropriately ascertained. That is, if the com-
bustion is satisfactory (normal), the measured data for MFB will have a high correlation with the reference data. However,
if a change arises in the combustion state or environment, the measured data will diverge from the reference data.
Consequently, if the degree of correlation between the measured data and reference data can be evaluated, a change
in the combustion state or the like can be ascertained.

[0038] Therefore, according to the present embodiment, in order to ensure that analysis of measured data as described
above can be accurately performed on board, reference data for MFB that is to be adopted as a standard is generated
on board. Furthermore, it is preferable that a configuration is adopted so that the reference data to be used to evaluate
the measured data for MFB can be generated simply and accurately and with a small calculation load. Further, even
under a satisfactory combustion state, a waveform of measured data for MFB changes according to the engine operating
condition (mainly, the intake air flow rate, engine speed and air-fuel ratio). Therefore, it is necessary for the reference
data to be capable of reflecting changes in the MFB waveform according to the engine operating condition.

(Overview of method for creating reference data for MFB)

[0039] Fig. 5 is a view for describing a method for creating reference data for MFB according to the first embodiment
of the present invention. Fig. 5 represents an xyplane (hereunder, referred to as "MFB-6 plane") that takes the crank
angle 6 as an x-coordinate value and the mass fraction burned MFB as a y-coordinate value.

[0040] As described above referring to Fig. 3, the target CA50 that is the target value for the CA50 feedback control
is determined as a value that is in accordance with the engine operating condition (target air-fuel ratio, engine speed
and intake air flow rate). The target SA-CA10 that is the target value of the SA-CA10 feedback control is likewise
determined as a value that is in accordance with the engine operating condition. If operating at a time of lean-burn
operation in which the CA50 feedback control is executed, a command value (target spark timing) of the spark timing
SA in each combustion cycle is determined as a value in which the CA50 feedback control that is based on the basic
spark timing that is in accordance with the engine operating condition has been reflected. The value of CA10 can be
calculated based on the target SA-CA10 and the target spark timing that are calculated in this manner. However, since
this CA10 itself is not a direct control target value of the aforementioned SA-CA10 feedback control, hereunder, the
CA10 in question is referred to as "specified CA10". Note that, it is assumed that the target SA-CA10 and target CA50
are set as values in a standard temperature environment (for example, 20°C).

[0041] CA50 is a crank angle when MFB becomes 50%, and CA10 is a crank angle when MFB becomes 10%.
Consequently, if the value of the target CA50 and the value of the specified CA10 are determined, a point A and a point
B at which the target CA50 and the specified CA10 are located, respectively, on the MFB-0 plane shown in Fig. 5 are
naturally determined. In order to evaluate the degree of correlation of measured data for MFB, it is necessary for the
reference data to have, without omission, data that serves as a pair for each data item of the measured data that is
acquired for each predetermined crank angle.

[0042] For the aforementioned purpose, according to the present embodiment a configuration is adopted in which
linear interpolation and linear extrapolation are performed based on the two points A and B, and reference data is
generated for MFB within a crank angle period from the combustion start point CAO to the combustion end point CA100.
Further, with respect to reference data for a crank angle period prior to CAO, reference data is generated as data for
which MFB is 0%, and with respect to reference data for a crank angle period after CA100, reference data is generated
as dataforwhich MFB is 100%. Reference data for MFB is generated in this manner according to the present embodiment.
Further, a waveform which the generated reference data traces is a waveform that is illustrated by a broken line in Fig. 5.

(Evaluation of degree of correlation of MFB data using cross-correlation function)

[0043] According to the present embodiment, to evaluate the measured data for MFB, a "correlation index value Ig"
that shows the degree of correlation between the reference data and the measured data for MFB is determined. According
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to the present embodiment, a cross-correlation function is used as a preferred method for calculating the correlation
index value Ig. Calculation of a cross-correlation coefficient R using a cross-correlation function is performed using the
following equation (4).

R= chwb (9)8 a~b (Te = ‘9) e (4)

[0044] Where, in the above equation (4), 6 represents the crank angle. Further, 1 is a variable that represents a
relative deviation in a crank angle axis direction with respect to two waveforms that are objects for evaluation of the
degree of correlation (according to the present embodiment, waveforms for reference data and measured data for MFB).
A function f,_(0) corresponds to reference data for MFB that is a set of discrete values that exists for each predetermined
crank angle. A function g, _p(t9-6) corresponds to measured data for MFB that, likewise, is a set of discrete values. More
specifically, (a~b) indicates a section on the crank angle axis in which these functions f,_(0) and g, _(to-8) are respectively
defined. The section (a~b) corresponds to a crank angle period (hereunder, referred to as "calculation period o) in which
reference data and measured data exist that are objects for calculation of the cross-correlation coefficient R (in other
words, objects for evaluation of the degree of correlation) in the reference data and measured data for MFB. A prior
period a1 and a latter period a2 that are specific examples of a calculation period o thatis used in the present embodiment
are described later. Note that, when measured values of the specified fraction combustion points CAa. (according to the
present embodiment, CA10 and CA50) that are used in the engine control are not included in the measured data for
MFB that is calculated based on measured data of the in-cylinder pressure, a configuration may be adopted in which
such a measured value is determined by interpolation based on adjacent measured data, and after also determining a
value on the reference data side that serves as a counterpart in a pair with the measured value, the pair of values are
included in the objects for evaluating the degree of correlation.

[0045] Performance of a convolution operation using equation (4) is accompanied by an operation that, by varying the
variable t¢ within a predetermined range, consecutively calculates the cross-correlation coefficient R while causing the
entire waveform of the measured data for MFB within the calculation period (a) to move little by little in the crank angle
direction (horizontal axis direction of the waveform of the reference data for MFB shown in Fig. 5) while keeping the
waveform of the reference data fixed. A maximum value R, of the cross-correlation coefficient R in the course of this
operation corresponds to the cross-correlation coefficient R when two waveforms are closest to each other overall, and
can be expressed as shown in the following equation (5). The correlation index value I used in the present embodiment
is notthe maximum value R, itself, butratheris a value obtained by performing predetermined normalization processing
on the cross-correlation coefficient R. The term "normalization processing" used here refers to processing that is defined
so that R, shows a value of 1 when the two waveforms (reference data waveform and measured data waveform) are
completely matching, and since this processing itself is known, a detailed description thereof is omitted here.

R, =max(R)= max(z Fab (6)g,s(7, - 6)) - (8)

[0046] The correlation index value I calculated by the aforementioned calculation processing becomes 1 (maximum)
when the two waveforms completely match, and progressively approaches zero as the degree of correlation between
the two waveforms decreases. Note that, when the correlation index value I exhibits a negative value, there is a negative
correlation between the two waveforms, and the correlation index value I exhibits a value of -1 when the two waveforms
are completely inverted. Accordingly, the degree of correlation between reference data and measured data for MFB can
be ascertained on the basis of the correlation index value I that is obtained as described above. Note that, utilization
of a cross-correlation function in the present embodiment is an operation that takes the same kind of data, namely MFB
data, as an object and compares measured data thereof with reference data (that is, the ideal MFB data). Accordingly,
it is considered that the cross-correlation function utilized in this case can be said to be substantially an auto-correlation
function.

[0047] Note that, although according to the present embodiment a configuration is adopted in which, as described
above, the maximum value of a value obtained by normalizing the cross-correlation coefficient R is used as the correlation
index value I, a "correlation index value" according to the present invention may also be the maximum value R, of
the cross-correlation coefficient R that is not accompanied by predetermined normalization processing. However, the
correlation index value (that is, the maximum value R,,,,,) in a case that is not accompanied by normalization processing
does not simply increase as the degree of correlation increases, but rather the relation described hereunder exists
between the size of the maximum value R, and increases/decreases in the degree of correlation. That is, the degree
of correlation increases as the maximum value R, ,, increases, and the degree of correlation becomes highest (that is,
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the two waveforms completely match) when the maximum value R, becomes a certain value X. Further, when the
maximum value R,,,,, increases to a value greater than the value X, the degree of correlation decreases as the maximum
value R, increases. Accordingly, in the case of using the maximum value R, a@s it is as the "correlation index value"
without normalization processing, a determination as to whether or not the "correlation index value" is less than a
"determination value" can be performed by the following processing. That is, when the maximum value R,,, deviates
from within a predetermined range that is centered on the value X, it can be determined that "the correlation index value
is less than the determination value" and, conversely, when the maximum value R, falls within the aforementioned
predetermined range, it can be determined that "the correlation index value is greater than or equal to the determination
value".

(Engine control as countermeasure in accordance with MFB data evaluation result)

[0048] According to the present embodiment, the degree of correlation between measured data and reference data
for MFB is evaluated for each combustion cycle in each cylinder with reference data generated by the above method.
Hereunder, the form of a change in measured data that is shown as one example in the present embodiment will be
described referring to Fig. 6 and Fig. 7.

[0049] Fig. 6 is a view in which an example of a waveform of measured data for MFB in which a divergence arises
relative to a waveform of reference data due to excessive cooling loss is schematically represented. When the internal
combustion engine 10 is operated under an extremely low temperature such as immediately after start-up in a cold
district, the cooling loss is excessive in comparison to when the internal combustion engine 10 is operated in a standard
temperature environment. As shown in the example illustrated in Fig. 6, the influence of such excessive cooling loss
noticeably appears in measured data in the second half period of combustion (CA50-CA100). More specifically, the
aforementioned influence sometimes also appears in the first half period of combustion (CA0-CA50). However, the
influence of the cooling loss appears to a greater degree in the second half period than in the first half period. Consequently,
the degree of correlation of the measured data relative to the reference data is lower in the second half period than in
the first half period. Further, the manner in which the aforementioned influence appears in the second half period is not
necessarily limited to appearing in data for a period from and after the vicinity of the measured CA50 as in the example
illustrated in Fig. 6, and may sometimes appear in data for a period from and after the vicinity of a specified fraction
combustion point that is a little later than the measured CA50 (for example, the measured CA80).

[0050] Fig. 7 is a view in which an example of a waveform of measured data for MFB in which a divergence arises
relative to a waveform of reference data due to the occurrence of semi-misfiring or misfiring is schematically represented.
Here, the term "semi-misfiring" refers to combustion in which flame propagation ceases in the process of combustion
heat being generated and thus the engine misfires and a flame is not sufficiently formed. Further, the term "complete
misfiring" (hereunder, referred to simply as "misfiring") refers to misfiring that occurs without the air-fuel mixture igniting.
In comparison to a waveform of reference data in a satisfactory combustion state that is adopted as a standard, in a
waveform of measured data for MFB when semi-misfiring occurs, as shown in Fig. 7, the start of combustion is delayed
and the mannerin which the MFB datarises is gradual. On the other hand, when misfiring occurs, because heat generation
does not occur, the measured data for MFB transitions at a value of 0% for MFB. Note that, in practice, even when
misfiring occurs, the influence of noise that is superimposed on the output of the in-cylinder pressure sensor 30 sometimes
appears in the waveform of the measured data for MFB, and the waveform of the measured data for MFB in such a
case fluctuates in the vicinity of 0% MFB. As described above, the measured data when semi-misfiring or misfiring occurs
has a low correlation with the reference data over the entire combustion period of the reference data.

[0051] As will be understood from the comparison results between the measured data and reference data for MFB
that are shown in Fig. 6 and Fig. 7, it can be said that by only evaluating the degree of correlation between the two kinds
of MFB data in the second half period of combustion, it is difficult to accurately distinguish whether a divergence in the
measured data is due to cooling loss or is due to semi-misfiring/misfiring.

[0052] Therefore, according to the present embodiment, to evaluate the degree of correlation between the two kinds
of MFB data in the first half period of combustion, a configuration is adopted in which a correlation index value Iy is
calculated that takes as an object the prior period a1 that is a calculation period including the first half period as well as
the periphery thereof. In addition, in order to evaluate the degree of correlation between the two kinds of MFB data in
the second half period of combustion, a configuration is adopted in which a correlation index value I, is calculated that
takes as an object the latter period a2 that is a calculation period including the second half period as well as the periphery
thereof.

[0053] In addition, according to the present embodiment, when although the correlation index value Ig, that relates to
the latter period a2 is less than a predetermined determination value Igy,, the correlation index value Iz, that relates to
the prior period a1 is greater than or equal to the determination value Igy,, it is determined that the measured data for
MFB varies relative to the reference data due to an excessive cooling loss. Further, in such a case, a configuration is
adopted so that predetermined engine warm-up control is performed to raise the temperature of the internal combustion
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engine 10.

[0054] Further, according to the present embodiment, when the correlation index value Ir, that relates to the latter
period a2 is less than the predetermined determination value Iz, and the correlation index value |, that relates to the
prior period a1 is also less than the determination value Igy,, it is determined that the measured data for MFB varies
relative to the reference data due to semi-misfiring/misfiring. Further, in such a case, a configuration is adopted so that
predetermined misfiring suppression control for suppressing the occurrence of misfiring (including semi-misfiring) is
performed.

(Specific processing in first embodiment)

[0055] Fig. 8 is a flowchart illustrating a routine that the ECU 40 executes in the first embodiment of the present
invention. Note that, during lean-burn operation, the present routine is started at a timing at which the opening timing of
the exhaust valve 22 has passed in each cylinder, and is repeatedly executed for each combustion cycle.

[0056] In the routine shown in Fig. 8, first, in step 100, the ECU 40 acquires the current engine operating condition.
The term "engine operating condition" used here refers to mainly the engine speed, the intake air flow rate and the air-
fuel ratio. The engine speed is calculated using the crank angle sensor 42. The intake air flow rate is calculated using
the air flow sensor 44. The air-fuel ratio is an air-fuel ratio that is adopted as a target at the time of lean-burn operation.
[0057] Next, the ECU 40 proceeds to step 102 and acquires the target CA50 and the specified CA10 as parameters
for determining a waveform of the reference data for MFB. More specifically, the ECU 40 acquires the target CA50 that
is separately calculated for executing CA50 feedback control. Further, the ECU 40 acquires the target SA-CA10 that is
separately calculated for executing SA-CA10 feedback control, and a target spark timing that corresponds to a command
value of the final spark timing in which CA50 feedback control has been reflected. Subsequently, the ECU 40 calculates
the specified CA10 by adding the target spark timing to the target SA-CA10.

[0058] Here, if, forexample, the air-fuel ratio changes to the lean side, the slope of the MFB waveform in the combustion
period decreases. It is necessary for the reference data for MFB to correspond to changes in the MFB waveform that
are in accordance with such engine operating condition. Because the target CA50 is determined as a value that is in
accordance with the engine operating condition, the influence of the engine operating condition is already factored into
the target CA50. Likewise, the influence of the engine operating condition is already factored into the target SA-CA10.
Further, as described above, the target SA-CA10 and the target CA50 are set assuming use of the internal combustion
engine 10 in a standard temperature environment (for example, 20°C). Therefore, the influence of the temperature
surrounding the internal combustion engine 10 is also already factored into the target SA-CA10 and the target CAS50.
The basic spark timing that serves as a base for calculating the target spark timing is determined as a value in accordance
with the engine operating condition (intake air flow rate and engine speed). Further, a change in the MBT spark timing
that accompanies a change in the air-fuel ratio is dealt with by correcting the spark timing by means of the CA50 feedback
control. Consequently, with respect to also the target spark timing in which the CA50 feedback control has been reflected,
it can be said that the influence of the engine operating condition is already factored therein. Accordingly, with respect
to also the specified CA10 that is determined depending on the target SA-CA10 and the target spark timing, it can be
said that the influence of the engine operating condition is already factored therein. Thus, since the influence of the
engine operating condition is already factored into the target CA50 and the specified CA10, with regard to also the
reference data that is generated based on the target CA50 and the specified CA10, it can be said that a change in the
MFB waveform that is due to the engine operating condition is naturally already factored therein.

[0059] Next, the ECU 40 proceeds to step 104. In step 104, the ECU 40 performs processing for specifying two points
A and B on the MFB-6 plane using the target CA50 and the specified CA10 acquired in step 102.

[0060] Next, the ECU 40 proceeds to step 106. In step 106, reference data for MFB at points other than the two points
A and B is generated based on the two points A and B. Specifically, first, reference data within a crank angle period
from the combustion start point CAO to the combustion end point CA100 is generated as follows. That is, the reference
data for the crank angle period (CA10 to CA50) between point A and point B is generated by linear interpolation based
on the two points A and B. On the other hand, reference data for crank angle periods (CA0 to CA10, and CA50 to CA100)
outside the crank angle period specified between point A and point B is generated by linear extrapolation based on the
two points A and B. Further, as described above, the reference data for a crank angle period prior to CAOQ is generated
as data in which MFB is 0%, and the reference data for a crank angle period after CA100 is generated as data in which
MFB is 100%.

[0061] Next, the ECU 40 proceeds to step 108. In step 108, measured data for MFB is calculated in accordance with
the above described equation (3) based on measured data for the in-cylinder pressure that is acquired using the in-
cylinder pressure sensor 30 in the current combustion cycle.

[0062] Next, the ECU 40 proceeds to step 110. In step 110, the correlation index value Ir4 is calculated using the
aforementioned equation (4) by taking as the object the data that is inside the prior period a1 among the reference data
and the measured data for MFB that are calculated in steps 106 and 108, respectively. Here, as one example, the prior
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period a1 is a crank angle period from the spark timing SA to the crank angle that is less than CAS50.

[0063] Next, the ECU 40 proceeds to step 112. In step 112, the correlation index value Ir, is calculated using the
aforementioned equation (4) by taking as the object the data that is inside the latter period a2 among the reference data
and the measured data for MFB that are calculated in steps 106 and 108, respectively. Here, as one example, the latter
period a2 is a crank angle period from CA50 (including CA50) to EVO. Note that, CA50 that is used to define the prior
period a1 and the latter period a2 is specified utilizing the "reference data" for MFB.

[0064] Next, the ECU 40 proceeds to step 114. In step 114, the ECU 40 determines whether or not the correlation
index value Ig, relating to the latter period a2 that is calculated in step 112 is less than the determination value Igy,. The
determination value Igy, is set in advance as a value with which it is possible to distinguish a divergence that is in the
measured data relative to the reference data in the prior period a1 and that is caused by semi-misfiring. When a change
that is caused by semi-misfiring arises, in comparison to a case where a change in the measured data that is due to
cooling loss caused by, the measured data for the prior period a1 diverges significantly relative to the reference data.
Further, when a change that is due to misfiring arises, in comparison to a case where a change that is due to semi-
misfiring arises, the measured data for the prior period a1 diverges significantly relative to the reference data. Accordingly,
by setting the determination value Igy, in, for example, the manner described above, it is possible to isolate the cause
of a change in the measured data that is taken as the object in the present routine.

[0065] When the result determined in step 114 is negative (lg, > I;,), the ECU 40 swiftly ends the processing in the
current combustion cycle. On the other hand, when the result determined in step 114 is affirmative (Ig, < Igy,), that is,
when it can be determined that the degree of correlation of the measured data for MFB for the latter period a2 with
respect to the reference data is low, the ECU 40 proceeds to step 116. In step 116, the ECU 40 determines whether or
not the correlation index value Ig4 that relates to the prior period a1 that is calculated in step 110 is less than the
determination value Igy,.

[0066] If the result determined in step 116 is negative (Igs < Igy, @and Igq > Iry,), the ECU 40 proceeds to step 118. In
this case, although the degree of correlation between the measured data for MFB in the latter period a2 and the reference
data is low, it can be determined that the measured data for MFB in the prior period a1 has a high degree of correlation
with the reference data. Therefore, in this case, the ECU 40 determines that the measured data for the MFB has changed
due to cooling loss, and executes engine warm-up control. Here, as one example of the engine warm-up control, an
operation to increase the fuel injection amount is executed. More specifically, a correction amount for increasing the fuel
injection amount by means of this engine warm-up control is added to a fuel injection amount that is determined in a
manner that reflects a correction by the SA-CA10 feedback control. According to this control, since the air-fuel ratio
changes to the theoretical air-fuel ratio side by increasing the fuel injection amount under lean-burn operation, the heat
release amount is increased and warming up of the engine can be promoted. Reflection of the engine warm-up control
into a fuel injection amount is performed in the next cycle for the cylinder that is the object of the current determination.
However, since a change in the temperature environment that is a cause of cooling loss becoming excessive is not a
situation that is specific to the aforementioned cylinder, reflection of the control in question is not limited to the afore-
mentioned cylinder, and may be started from a cylinder for which a fuel injection amount is initially commanded after
execution of the current determination. The engine warm-up control is continued until the result determined in step 114
becomes negative.

[0067] On the other hand, if the result determined in step 116 is affirmative (Igs < Igy,, @and Igq < Igy,), the ECU 40
proceeds to step 120. In this case, it can be determined that the degree of correlation of the measured data for MFB
with respect to the reference data is low in both the latter period a2 and the prior period a.1. Consequently, in this case,
the ECU 40 determines that the measured data for MFB has changed due to semi-misfiring or misfiring, and executes
misfiring suppression control. Here, as one example of misfiring suppression control, an operation to increase the fuel
injection amount is executed. More specifically, a correction amount for increasing the fuel injection amount by means
of this misfiring suppression control is added to a fuel injection amount that is determined in a manner that reflects a
correction by the SA-CA10 feedback control. Misfiring can be suppressed more reliably by performing misfiring sup-
pression control in this manner in addition to control of the air-fuel ratio by the SA-CA10 feedback control. Reflection of
the misfiring suppression control in a fuel injection amount is performed in the next cycle for the cylinder that is the object
of the current determination. The misfiring suppression control is continued until the result determined in step 114
becomes negative.

[0068] According to the processing of the routine illustrated in Fig. 8 that is described above, reference data for MFB
can be generated based on the target CA50 and the specified CA10. The target CA50 is a control target value that is
utilized in the CA50 feedback control that is one of the engine controls that the internal combustion engine 10 performs.
The specified CA10 is a specified fraction combustion point that is defined depending on the target SA-CA10 that is
utilized in the SA-CA10 feedback control that is similarly one of the engine controls and depending on the target spark
timing that is determined by means of the CA50 feedback control. Advantages of the method for generating reference
data for MFB utilizing the target CA50 and the specified CA10 that are parameters with such characteristics will be
described hereunder in contrast with a known method for generating MFB data.
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(Advantages of method for generating reference data for MFB in first embodiment)

[0069] One example of a known method for generating MFB data is a method utilizing a Wiebe function. This method
is one that attempts to mathematize combustion. However there is the following problem with this method. That is, the
calculation load of the ECU is high because the amount of calculation increases. When it is attempted to express a
combustion waveform (MFB waveform) with greater accuracy using a Wiebe function, it is necessary to appropriately
set various parameters to be used in the Wiebe function. Therefore, it is necessary to take into consideration various
engine operating condition parameters such as the intake air flow rate, the engine speed, the air-fuel ratio and the spark
timing, as well as the combustion temperature and the gas flow velocity in a cylinder. Further, when it is attempted to
calculate a combustion waveform using such a large number of engine operating condition parameters, the mathematical
formula becomes more complicated. Consequently, the calculation load increases.

[0070] Another problem with the known method for generating MFB data is that it is difficult to ensure the accuracy of
the generated MFB data. The reason is that mathematization of combustion is in itself difficult, and it is difficult to extract
all the factors that influence combustion. For the above reasons, it cannot be said that the known method for generating
MFB data is suitable for implementation in comparison to the method of the present embodiment that has the advantages
described below.

[0071] In contrast, for the following reasons, it can be said that the method for generating reference data for MFB of
the present embodiment is simple and can generate reference data that is more appropriate as a comparison object for
evaluating the degree of correlation of the measured data for MFB.

[0072] That is, first, with respect to the target CA50, a value is determined for the engine control that is taken as a
premise. Further, the specified CA10 is defined depending on the target SA-CA10 for which a value is determined
similarly to the target CA50. That is, it is not necessary for the target CA50 and the specified CA10 that are parameters
used as a basis for generating reference data in the present embodiment to be defined in advance for the purpose of
generating reference data, and complicated calculation is also not required when acquiring these values on board. It
can thus be said that these values are parameters that are easily acquired. Further, based on the target CA50 and the
specified CA10, reference data can be generated by performing simple calculations, namely linear interpolation and
linear extrapolation. Consequently, in comparison to the aforementioned known method, according to the method of the
present embodiment, the amount of calculation can be considerably reduced, and the calculation load of the ECU 40 is
extremely low. Therefore, it can be said that the present method is more suitable for implementation.

[0073] An MFB waveform has a characteristic such that the waveform rises rectilinearly in the main combustion period
(from CA10 to CA90). Accordingly, it can be said that, by generating reference data in the main combustion period using
linear interpolation and linear extrapolation, reference data can be acquired in a simple manner while appropriately
grasping a characteristic of the MFB waveform. Note that, in a stricter sense, the combustion waveform is not a waveform
that bends at single points at the combustion start point CAO and the combustion end point CA100 as schematically
represented in Fig. 5 and the like, but rather bends in a slightly rounded shape in the crank angle period from CAQ to
around CA10 and the crank angle period from CA90 to around CA100 (see Fig. 2). However, these crank angle periods
are short periods in terms of the entire combustion period, and furthermore it can be said that the fact that the MFB
waveform is slightly rounded in such crank angle periods does not exert a large influence from the viewpoint of comparing
the degree of correlation of the MFB data. Consequently, it can be said that, with respect to these crank angle periods
also, it is sufficient to generate the reference data by linear extrapolation, as in the present embodiment.

[0074] Next, a reason why it can be said that reference data that is more appropriate as a comparison object for
evaluating a degree of correlation of measured data for MFB can be generated by the method for generating MFB data
of the present embodiment will be described. The target CA50 is a target value of the CA50 feedback control that is
taken as a premise. Further, in the SA-CA10 feedback control, the fuel injection amount is controlled so that the measured
SA-CA10 becomes the target SA-CA10, and the spark timing is also controlled to the target spark timing that is determined
by the CA50 feedback control. Consequently, it can be said that CA10 is indirectly controlled by execution of the SA-
CA10 feedback control and the CA50 feedback control so as to become the specified CA10 that is defined depending
on the target SA-CA10 and the target spark timing. In this respect, it can be said that the specified CA10 corresponds
to an indirect control target value. Based on the foregoing, it can be said that, when the SA-CA10 feedback control and
the CA50 feedback control are being executed, by means of these controls the fuel injection amount and the spark timing
are controlled so that a measured waveform of MFB comes close to a waveform of reference data that is generated
based on the target CA50 and the specified CA10.

[0075] Further, as described above, because the influence of the engine operating condition is already factored into
the target CA50 and the specified CA10, changes in the MFB waveform due to the engine operating condition are also
already factored into the reference data that is generated based on the target CA50 and the specified CA10. For the
above reasons, it can be said that, according to the method of the present embodiment, by generating a waveform of
reference data directly based on the target CA50 and the specified CA10 it is possible to uniquely determine, based on
the target CA50 and the specified CA10, a combustion waveform (in other words, an ideal combustion waveform) that
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is the target of the engine control that is taken as a premise (here, the SA-CA10 feedback control and the CA50 feedback
control). Further, according to the present embodiment, MFB data for such kind of ideal combustion waveform is adopted
as reference data. Therefore, in comparison to a case using MFB data generated by the known method that is described
above, the method of the present embodiment can generate reference data that is more appropriate as a comparison
object for evaluating the degree of correlation of measured data for MFB.

(Identification of factor causing change in measured data for MFB, and effect relating to countermeasure in accordance
with identified factor)

[0076] According to the processing of the aforementioned routine, the degree of correlation between the measured
data and reference data for MFB can be suitably evaluated using reference data having the advantages described above.
Further, it is possible to utilize the evaluation result to identify whether the factor causing the change in the measured
data is an excessive enlargement in the cooling loss or is semi-misfiring/misfiring. More specifically, the aforementioned
identification can be accurately performed utilizing characteristics of changes in the measured data that depend on
differences between the factors.

[0077] Subsequently, according to the processing of the aforementioned routine, engine warm-up control or misfiring
suppression control can be performed as a countermeasure that is in accordance with the identified factor. That is,
engine control is performed based on the degree of correlation between the measured data and reference data for MFB.
[0078] Further, when the aforementioned engine warm-up control is continuously executed, measured data that di-
verges as shown in Fig. 6 relative to the reference data comes closer to the reference data with the passage of time.
According to the above described routine, when the degree of correlation increases as a result of the divergence being
eliminated, the result determined in step 114 is negative and the engine warm-up control is ended. Because an evaluation
result for MFB data can be acquired in each combustion cycle, it can be said that, according to the engine warm-up
control based on the evaluation result, it is possible to determine the timing for completing engine warm-up at an earlier
stage in comparison to a case where the timing is indirectly determined based on the temperature of the engine cooling
water. This leads to an improvement in fuel efficiency.

[Modification of First Embodiment]

[0079] In the above described first embodiment, reference data for a combustion period (from CAO to CA100) is
generated based on the target CA50 and the specified CA10. However, the two specified fraction combustion points
that are utilized to generate reference data for a combustion period are not limited to CA50 and CA10 as long as the
specified fraction combustion points are used in the engine control that is taken as a premise, and may be arbitrary
specified fraction combustion points (for example, CA90) selected from CAO to CA100. However, as described above,
in a strict sense, an MFB waveform changes rectilinearly in the main combustion period (from CA10 to CA90), and hence
it is preferable that the two specified fraction combustion points that serve as the basis for generating the reference data
are selected from among specified fraction combustion points from CA10 to CA90.

[0080] Further, in the above described first embodiment, reference data for the entire combustion period from CAO to
CA100 is generated using linear interpolation and linear extrapolation based on the target CA50 and the specified CA10.
However, as described above, strictly speaking, an MFB waveform in a crank angle period from CAO to CA10 and an
MFB waveform in a crank angle period from CA90 to CA100 become slightly rounded. Therefore, reference data for at
least one of these crank angle periods may be generated in a manner that reproduces a rounded waveform using, for
example, a quadratic function, and without using linear interpolation or linear extrapolation.

[0081] Furthermore, in the above described first embodiment, both linear interpolation and linear extrapolation are
used to generate reference data for MFB in a combustion period. However, depending on the positions of the two
specified fraction combustion points that are adopted as a basis for generating the reference data, one of linear inter-
polation and linear extrapolation will be used. For example, in a case of generating reference data that takes the entire
combustion period as an object based on CAO and CA100, only linear interpolation is used. Further, although it is
considered that, in reality, the possibility of the following two points being selected is low, if two items of reference data
corresponding to two adjoining items of measured data in a combustion period are selected as the aforementioned two
specified fraction combustion points, only linear extrapolation is used.

[0082] Further, in the above described first embodiment, the target CA50 and the specified CA10 are used as the
basis for generating reference data. However, depending on the two specified fraction combustion points that are used
in the engine control that is taken as a premise, the two values may each be a control target value, or the two values
may each be a specified fraction combustion point that is determined depending on a control target value, that is, the
two values may each be an indirect control target value.

[0083] Furthermore, in the above described first embodiment, a cross-correlation function is used to calculate a cor-
relation index value that shows the degree of correlation between measured data and reference data for MFB. However,
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the term "degree of correlation between measured data and reference data for mass fraction burned" used in the present
invention is not necessarily limited to a value calculated using a cross-correlation function. That is, the "degree of
correlation" may be, for example, a value obtained by adding together the squares of differences (a so-called "residual
sum of squares") between the measured data and reference data for MFB at the same crank angles when taking a
predetermined calculation period as an object. In a case of the residual sum of squares, the value decreases as the
degree of correlation increases.

[0084] Here, it can be said that, for the following reason, utilization of a cross-correlation function is superior in com-
parison to utilization of a residual sum of squares. That is, in a waveform of measured data for MFB, slight deviations
relative to a waveform of reference data that are caused by variations in combustion can arise between combustion
cycles. Even when such deviations in the waveform of measured data arise, the residual sum of squares is calculated
as a value of a certain size. That is, the residual sum of squares sensitively reacts to minute deviations in measured
data that are caused by variations in combustion. Consequently, in some cases it is difficult to accurately detect the
above described change in the combustion states or in the environment in distinction from such variations in combustion.
[0085] Onthe otherhand, as described in the foregoing, calculation of a cross-correlation function includes an operation
that successively calculates the cross-correlation coefficient R while moving the entire waveform of the measured data
for MFB inside the calculation period o little by little in the crank angle direction (horizontal axis direction of the waveform
of the reference data for MFB shown in Fig. 5) in a state in which the waveform of the reference data is fixed. A maximum
value of values after normalizing the cross-correlation coefficients R that are obtained in the course of this calculation
is adopted as the correlation index value I in the combustion cycle that is the calculation object. Therefore, even when
although the shape itself of the MFB data is equal to that of the reference data, the measured data deviates slightly
relative to the reference data in the crank angle direction due to combustion variations, according to the cross-correlation
function the correlation index value Iy is calculated in a state in which the measured data is moved and is substantially
correlated with the reference data. Therefore, the method utilizing a cross-correlation function is less susceptible to the
influence of variations in combustion in comparison to the method utilizing a residual sum of squares, and hence it can
be said that a characteristic of a change in the waveform of measured data that is due to a change in the combustion
state or in the environment can be detected more accurately by utilizing a cross-correlation function.

[0086] Further, in the above described first embodiment, in the processing for identifying a factor that causes a change
in the measured data for MFB, a common determination value Iy, is used for both the correlation index value I that
relates to the prior period and the correlation index value Iy, that relates to the latter period. However, a determination
value that is used in the aforementioned processing need not be a common determination value, and separate deter-
mination values may be used for the correlation index value Ig4 that relates to the prior period and for the correlation
index value Ig, that relates to the latter period. Accordingly, a "first determination value" and a "second determination
value" used in the present invention may be the same value or may be different values. Likewise, a "third determination
value" and a "fourth determination value" may also be the same value or may be different values. This similarly applies
with respect to a relation between the "first determination value" and the "third determination value", and a relation
between the "second determination value" and the "fourth determination value".

[0087] In the present invention, it is preferable that a "degree of correlation between measured data and reference
data for mass fraction burned" be evaluated taking as an object a waveform of data for three or more consecutive points
using a technique such as the above described cross-correlation function or the residual sum of squares. However, a
method for determining a "degree of correlation" for grasping a change in a waveform of measured data that is caused
by an excessive increase in cooling loss may be, for example, the following method that is described referring to Fig. 9.
Fig. 9 is a view for describing an example in which a degree of correlation of MFB data is evaluated at three specified
fraction combustion points and a change in the measured data for MFB that is caused by an excessive increase in
cooling loss is determined. CA10 and CA50 that are used in the above described two feedback controls and CA80 are
utilized as the three specified fraction combustion points used for this determination. Further, to evaluate the degree of
correlation between measured data and reference data on the second half side of combustion, a straight line L that
passes through two points P1 and P2 of the reference data at CA50 and CA80 on the MFB-6 plane and a straight line
L’ that passes through two points P1’ and P2’ of the measured data at CA50 and CA80 are calculated. Further, to
evaluate the degree of correlation between measured data and reference data on the first half side of combustion, a
distance D between a point P3 of the reference data at CA10 and a point P3’ of the measured data at CA10 is calculated.
In addition, by determining whether or not the distance D is less than or equal to a predetermined value, it is determined
whether the degree of correlation between the measured data and the reference data for MFB on the first half side
(corresponds to "prior period" according to the present invention) of combustion is greater than or equal to a first deter-
mination value. Further, by determining whether or not the amount of a variation in the slope of the straight line L’ relative
to the slope of the straight line L is greater than or equal to a predetermined value, it is determined whether or not the
degree of correlation between the measured data and reference data for MFB on the second half side of combustion
(corresponds to "latter period" according to the present invention) is lower than a second determination value. When it
is determined that the distance D is less than or equal to the aforementioned predetermined value and the aforementioned
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amount of a variation relating to the straight lines L and L’ is greater than or equal to the aforementioned predetermined
value, it is determined that a change in the measured data that is due to an excessive increase in cooling loss is arising,
and engine warm-up control is therefore executed.

[0088] Inthe above described first embodiment a configuration is adopted that utilizes an evaluation result with regard
to the degree of correlation of the MFB data to distinguish a factor that causes a change in measured data for MFB
between an excessive increase in cooling loss and semi-misfiring/misfiring, and engine control (engine warm-up control
or misfiring suppression control) is performed as a countermeasure in accordance with a result of distinguishing the
factor. However, specific examples of engine control based on a degree of correlation of MFB data in the presentinvention
are not limited to the aforementioned examples. That is, apart from the above described examples, it is sufficient that a
change in the combustion state or in the environment be ascertained by grasping the characteristic of a change in
measured data for MFB, and that the engine control serves as a countermeasure with respect to the change.

[0089] Further, in the above described first embodiment, increasing the fuel injection amount is described as an
example of engine warm-up control. However, "engine warm-up control" according to the present invention is not limited
to the aforementioned example. That is, for example, when a mechanism is provided that can vary a circulation flow
rate of engine cooling water, or when a pump that circulates engine cooling water is an electric motor-driven pump, the
aforementioned engine warm-up control may be control that decreases the circulation flow rate of engine cooling water.
[0090] Further, in the above described first embodiment, increasing the fuel injection amount is described as an
example of misfiring suppression control. However, "misfiring suppression control" according to the present invention
is not limited to the aforementioned example, and, for example, when an ignition device that is capable of adjusting the
ignition energy is provided, the misfiring suppression control may be control that increases the ignition energy.

[0091] In the above described first embodiment a configuration is adopted in which a crank angle period (calculation
period o) that is an object for calculation of the correlation index values Iz and Ig, is divided into the prior period a1
and the latter period a2 in a manner that takes CA50 of the reference data as a boundary. However, the "prior period"
and "latter period" according to the present invention are not limited to periods that correspond to a first half period and
a second half period of combustion that is divided by taking CA50 as a boundary. That is, a boundary between the "prior
period" and the "latter period" may be an arbitrary third specified fraction combustion point other than CA50 as long as
the boundary is located within a range that makes it possible to distinguish among the possible causes of a change in
the measured data for MFB between an excessive increase in cooling loss and semi-misfiring/misfiring. Further, in the
first embodiment the spark timing SA is used as the start point of the prior period a1, and the opening timing EVO of
the exhaust valve 22 is used as the end point of the latter period 2. In the present invention, the start point of the "prior
period" is not limited to the spark timing SA, and it is sufficient that the start point is at or after a closing timing IVC of
the intake valve 20. On the other hand, the end point of the "latter period" according to the present invention is not limited
to EVO, and as long as the case is one in which a crank angle timing at which it can be judged that combustion is
definitely ended is determined in advance in consideration of variations in combustion and the like, the end point of the
"latter period" may be taken as such a crank angle timing. In addition, the "prior period" according to the present invention
need not include a crank angle period prior to the combustion period, and likewise the "latter period" need not include
a crank angle period after the combustion period.

[0092] Further, although in the above described first embodiment an example is described in which the degree of
correlation of MFB data is evaluated for each cylinder using a cross-correlation function, a configuration may also be
adopted in which evaluation of the degree of correlation of MFB data is executed for an arbitrary representative cylinder
as the object. Engine control based on the degree of correlation of MFB for the representative cylinder may then be
performed taking all the cylinders as an object.

[0093] Further, in the above described first embodiment, an example is described in which the fuel injection amount
is adjusted by means of the SA-CA10 feedback control. However, an object of adjustment by the SA-CA10 feedback
control that is utilized for combustion control during lean-burn operation is not limited to a fuel injection amount, and may
be an intake air flow rate or ignition energy. Note that, if the object of adjustment is the fuel injection amount or the intake
air flow rate, the feedback control can be positioned as air-fuel ratio control. Further, a specified fraction combustion
point CAa that is used in the present feedback control is not necessarily limited to CA10, and may be another combustion
point. However, with regard to application to the present feedback control, it can be said that CA10 is betterin comparison
to the other combustion points for the following reasons. That is, when a combustion point within the main combustion
period (CA10 to CA90) that is after CA10 is utilized, the crank angle period that is obtained will be affected to a large
degree by parameters (EGR rate, intake air temperature and tumble ratio and the like) that affect combustion when the
flame is spreading. That is, a crank angle period obtained in this case is not one that is focused purely on the air-fuel
ratio, and is vulnerable to external disturbances. Further, as described above, an error is liable to arise at combustion
points around the combustion start point CAO and the combustion end point CA100 due to the influence of noise that is
superimposed on an output signal from the in-cylinder pressure sensor 30. The influence of such noise decreases as
the combustion point moves away from the combustion start point CAO and the combustion end point CA100 toward
the center side of the combustion period. In consideration of these points, it can be said that CA10 is best.
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[0094] Furthermore, in the above described first embodiment, a configuration is adopted in which, at a time of lean-
burn operation accompanied by implementation of SA-CA10 feedback control and CA50 feedback control, evaluation
of the degree of correlation of MFB data is performed based on the correlation index values Ig4 and Ig,. However, on
the premise that "first engine control" and "second engine control" according to the present invention are performed,
such evaluation is not limited to the one performed at the time of lean-burn operation, and, for example, a configuration
may be adopted in which the evaluation is performed at the time of the theoretical air-fuel ratio burn operation.

[0095] Note that, in the above described first embodiment, "mass fraction burned calculation means" according to the
present invention is realized by the ECU 40 executing the processing in step 108, "combustion point calculation means"
according to the present invention is realized by the ECU 40 calculating a specified fraction combustion point CAa such
as CA10 based on measured data for MFB that is calculated in accordance with the above described equation (3), "first
control means" according to the present invention is realized by the ECU 40 executing the SA-CA10 feedback control,
"second control means" according to the present invention is realized by the ECU 40 executing the CA50 feedback
control, and "third control means" according to the present invention is realized by the ECU 40 executing the processing
in step 118 or 120 depending on the results determined in steps 114 and 116. Further, the fuel injection valve 26 and
the ignition device 28 correspond to "one or a plurality of actuators" according to the presentinvention, CA10 corresponds
to "first specified fraction combustion point" according to the presentinvention, SA-CA10 corresponds to "first parameter"
according to the present invention, the SA-CA10 feedback control corresponds to "first engine control" according to the
present invention, CA50 corresponds to "second specified fraction combustion point" according to the present invention,
the CA50 feedback control corresponds to "second engine control" according to the present invention, the engine warm-
up control and the misfiring suppression control correspond to "third engine control" according to the present invention,
the specified CA10 corresponds to "first target value" and "first specified fraction combustion point that is specified based
on a target value of the first parameter" according to the present invention, the target CA50 corresponds to "second
target value" and "target value of a second specified fraction combustion point" according to the present invention, a
crank angle period from the spark timing SA to CAO corresponds to "first crank angle period" according to the present
invention, and a crank angle period from CA100 to EVO corresponds to "second crank angle period" according to the
presentinvention. Further, CA50in the reference data corresponds to "third specified fraction combustion point" according
to the presentinvention, the prior period a1 corresponds to "prior period that is a crank angle period including a combustion
period prior to a third specified fraction combustion point" according to the present invention, and the latter period a2
corresponds to "latter period that is a crank angle period including a combustion period from and after a third specified
fraction combustion point" according to the present invention. Further, the determination value gy, corresponds to each
of "first to fourth determination values" according to the present invention. Note that, although the following is a different
form to the first embodiment, when a parameter that is defined based on CA50 (for example, SA-CA50) is used, the SA-
CAA50 corresponds to "second parameter" according to the present invention, and when a target CA10 is set for CA10
itself, the target CA10 corresponds to "target value of a first specified fraction combustion point" according to the present
invention. Further, when, for example, a target SA-CA50 is set for the aforementioned SA-CA50 itself, a specified CA50
that is specified based on the target SA-CA50 corresponds to "second specified fraction combustion point that is specified
based on a target value of the second parameter" according to the present invention.

Claims

1. A control apparatus for an internal combustion engine (10), the internal combustion engine (10) including one or
more actuators (26, 28) used for engine control,
the control apparatus characterized by comprising:

an in-cylinder pressure sensor (30) configured to detect an in-cylinder pressure;

a crank angle sensor (42) configured to detect a crank angle;

mass fraction burned calculation means configured to calculate measured data for mass fraction burned that
is synchronized with crank angle, based on an in-cylinder pressure detected by the in-cylinder pressure sensor
(30) and a crank angle detected by the crank angle sensor (42);

combustion point calculation means configured to calculate a measured value for a specified fraction combustion
point that is a crank angle when a mass fraction burned becomes a specified fraction based on the measured
data for mass fraction burned;

first control means configured to execute a first engine control that, based on a first specified fraction combustion
point that is a crank angle when a mass fraction burned becomes a first specified fraction, or based on a first
parameter that is defined based on the first specified fraction combustion point, controls any one or a plurality
of the one or more actuators (26, 28) so that the first specified fraction combustion point or the first parameter
equals a target value;
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second control means configured to execute a second engine control that, based on a second specified fraction
combustion point that is a crank angle when a mass fraction burned becomes a second specified fraction, or
based on a second parameter that is defined based on the second specified fraction combustion point, controls
any one or a plurality of the one or more actuators (26, 28) so that the second specified fraction combustion
point or the second parameter equals a target value; and

third control means configured to execute a third engine control that, based on a degree of correlation of the
measured data for mass fraction burned and reference data for mass fraction burned, controls any one or a
plurality of the one or more actuators (26, 28), wherein the reference data is based on an operating condition
of the internal combustion engine (10),

wherein the reference data for mass fraction burned in at least a crank angle period from a 10% combustion
point to a 90% combustion point in a combustion period is generated by at least one of linear interpolation and
linear extrapolation based on a first target value and a second target value,

wherein the first target value is either a target value of the first specified fraction combustion point or the first
specified fraction combustion point that is specified based on a target value of the first parameter,

wherein the second target value is either a target value of the second specified fraction combustion point or the
second specified fraction combustion point that is specified based on a target value of the second parameter,
wherein, when a first crank angle period that is prior to the combustion period is included in the reference data
for mass fraction burned, the reference data for mass fraction burned is zero percent in the first crank angle
period, and

wherein when a second crank angle period that is after the combustion period is included in the reference data
for mass fraction burned, the reference data for mass fraction burned is 100 percent in the second crank angle
period.

The control apparatus according to claim 1,
wherein the first specified fraction combustion point and the second specified fraction combustion point are within
the crank angle period from the 10% combustion point to the 90% combustion point.

The control apparatus according to claim 1 or 2,

wherein the third engine control is engine warm-up control that raises a temperature of the internal combustion
engine (10), and is executed when a degree of correlation between the measured data and the reference data for
mass fraction burned in a prior crank angle period including a combustion period prior to a third specified fraction
combustion point when a mass fraction burned is a third specified fraction, is greater than or equal to a first deter-
mination value, and a degree of correlation between the measured data and the reference data for mass fraction
burned in a latter crank angle period including a combustion period including and after the third specified fraction
combustion point, is lower than a second determination value.

The control apparatus according to any one of claims 1 to 3,

wherein the third engine control is misfiring suppression control that suppresses misfiring, and is executed when a
degree of correlation between the measured data and the reference data for mass fraction burned in a prior crank
angle period including a combustion period prior to a third specified fraction combustion point when a mass fraction
burned is a third specified fraction, is lower than a third determination value, and a degree of correlation between
the measured data and the reference data for mass fraction burned in a latter crank angle period including a
combustion period including and after the third specified fraction combustion point, is lower than a fourth determination
value.

The control apparatus according to any one of claims 1 to 4,

wherein a correlation index value that indicates the degree of correlation is calculated using a cross-correlation
function.
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