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(54) AIR-FUEL RATIO CONTROL APPARATUS AND METHOD FOR INTERNAL COMBUSTION 
ENGINE

(57) An engine includes a first injection valve, which
is one of port and direct injection valves, and a second
injection valve, which is the other. When operating only
the first injection valve based on a base injection amount,
which has been corrected using a feedback operation
amount and a first learning value, an air-fuel ratio control
apparatus updates the first learning value and deter-
mines that the first learning value has converged on con-

dition that a correction ratio of the base injection amount
is not more than a predetermined ratio. When the first
and second injection valves are being operated, the ap-
paratus updates a second learning value for the second
injection valve on condition that the first learning value
has converged and the ratio of the injection amount of
the second injection valve is not less than a specified
value.



EP 3 260 691 A1

2

5

10

15

20

25

30

35

40

45

50

55

Description

BACKGROUND OF THE INVENTION

[0001] The present invention relates to an air-fuel ratio
control apparatus and method for an internal combustion
engine, and more particularly, to an air-fuel ratio control
apparatus and method for controlling an internal com-
bustion engine that includes both a port injection valve,
which injects fuel into the intake passage, and a direct
injection valve, which injects fuel into the combustion
chamber.
[0002] When operating a fuel injection valve based on
a base injection amount, which is the open-loop operation
amount for controlling the air-fuel ratio to a target value,
the actual air-fuel ratio can deviate from the target value,
for example due to a deviation of the injection character-
istics of the fuel injection valve from reference character-
istics and the difference between the actual in-cylinder
intake air amount and the in-cylinder intake air amount
that was used in computation of the base injection
amount. In contrast, in the case of operating a fuel injec-
tion valve through feedback control in addition to the
open-loop control using the base injection amount, the
difference between the air-fuel ratio and the target value
caused by the open-loop control (an error in the air-fuel
ratio control based on the base injection amount) is com-
pensated by a feedback operation amount. Further, it is
known that, in the air-fuel ratio control, a compensation
amount for compensating an error in the air-fuel ratio
control caused by the base injection amount is learned
as a learning value.
[0003] For example, Japanese Laid-Open Patent Pub-
lication 2005-48730 discloses an air-fuel ratio control ap-
paratus that learns a learning value. When the learning
of a learning value for a port injection valve is completed
during the air-fuel ratio feedback control using the port
injection valve and a direct injection valve, the correction
ratio for the base injection amount, which is obtained us-
ing the feedback operation amount, may have a value
other than zero. In this case, the apparatus of the publi-
cation assumes that the cause is the learning value for
the direct injection valve and updates the learning value
for the direct injection valve based on the feedback op-
eration amount.
[0004] However, even if the learning of a learning value
for the port injection valve is completed during the air-
fuel ratio feedback control using the port injection valve
and the direct injection valve, the use of the learning value
for the direct injection valve is not necessarily the only
cause of the correction ratio for the base injection amount
obtained using the feedback operation amount being a
value other than zero. In particular, when the fuel injection
ratio of the port injection valve is great, one of the main
causes of the correction ratio for the base injection
amount obtained using the feedback operation amount
being a value other than zero is more likely to be the
learning value for the port injection valve. Then, if one of

the main causes of the correction ratio for the base in-
jection amount obtained using the feedback operation
amount being a value other than zero is the learning value
for the port injection valve, the update of the learning
value for the direct injection valve would reduce the ac-
curacy of the update.

SUMMARY OF THE INVENTION

[0005] An objective of the present invention is to pro-
vide an air-fuel ratio control apparatus and method for
an internal combustion engine that are capable of highly
accurately updating a learning value based on a feed-
back operation amount when air-fuel ratio feedback con-
trol is being performed through operation of a port injec-
tion valve and a direct injection valve.
[0006] To achieve the foregoing objective, an air-fuel
ratio control apparatus for an internal combustion engine
is provided. The engine includes a first injection valve,
which is one of a port injection valve that injects fuel into
an intake passage and a direct injection valve that injects
fuel into a combustion chamber, and a second injection
valve, which is the other. The air-fuel ratio control appa-
ratus includes an open-loop processing section, a feed-
back processing section, an operation processing sec-
tion, a first updating section, a first determining section,
and a second updating section. The open-loop process-
ing section is configured to set a base injection amount,
which is an open-loop operation amount for controlling
an air-fuel ratio to a target value. The feedback process-
ing section is configured to calculate a feedback opera-
tion amount for controlling a detection value of the air-
fuel ratio to the target value. The operation processing
section is configured to perform, to supply fuel to the com-
bustion chamber of the engine, at least one of an oper-
ation of the first injection valve based on the base injec-
tion amount that has been corrected using the feedback
operation amount and a first learning value, and an op-
eration of the second injection valve based on the base
injection amount that has been corrected using the feed-
back operation amount and a second learning value. The
first updating section is configured to update the first
learning value based on the feedback operation amount
when the operation processing section is operating only
the first injection valve. The first determining section con-
figured to, when the first updating section is updating the
first learning value, determine that the first learning value
has converged on condition that a correction ratio of the
base injection amount, which is obtained using the feed-
back operation amount, is less than or equal to a prede-
termined ratio. The second updating section is configured
to update the second learning value based on the feed-
back operation amount when the operation processing
section is operating both the first injection valve and the
second injection valve. The second updating section is
configured to update the second learning value on con-
dition that the first learning value is determined to have
converged and an injection distribution ratio, which is a
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ratio of an injection amount of the second injection valve
to a total injection amount of the first injection valve and
the second injection valve, is greater than or equal to a
specified value. Also, the second updating section is con-
figured to refrain from updating the second learning value
when the injection distribution ratio is less than the spec-
ified value.
[0007] In the above configuration, the update condi-
tions are used that need to be satisfied when the second
updating section updates the second learning value to
the feedback operation amount when the first injection
valve and the second injection valve are being operated.
The update conditions include the condition that the in-
jection distribution ratio is higher than or equal to the
specified value in addition to the condition that the first
learning value has converged. Thus, when one of the
main causes of the correction ratio for the base injection
amount obtained using the feedback operation amount
being a value other than zero may be the first learning
value, the second learning value is restrained from being
updated by adjusting the specified value. Therefore, it is
possible to highly accurately update the learning value
based on the feedback operation amount when the air-
fuel ratio feedback control is performed by operating the
port injection valve and the direct injection valve.
[0008] In the above described air-fuel ratio control ap-
paratus, the first updating section may be configured to
update the first learning value for each of a plurality of
learning regions, which are divided in accordance with
values of an intake air amount of the internal combustion
engine. The operation processing section may be con-
figured to, when operating both the first injection valve
and the second injection valve, operate the first injection
valve based on the first learning value in a learning region
including the intake air amount at the time. When the first
injection valve and the second injection valve are both
being operated, the second updating section may be con-
figured to update the second learning value in a learning
region including the intake air amount at the time if con-
ditions are satisfied that include a condition that the first
learning value in the learning region has converged.
[0009] With the above configuration, when both the first
injection valve and the second injection valve are oper-
ated, the first injection valve is operated based on the
first learning value in the learning region that includes
the intake air amount at the time. In that case, the second
learning value in the learning region is updated when
conditions are satisfied that include a condition that the
first learning value in the learning region including the
intake air amount has converged. Therefore, on condition
that the reliability of the first learning value, which is re-
ferred to for the operation of the first injection valve, is
high, the second learning value is updated. That is, the
second learning value is updated accurately.
[0010] In the above described air-fuel ratio control ap-
paratus, a learning prohibited region, in which update of
the first learning value is prohibited, may be provided
between two learning regions adjacent to each other in

terms of a magnitude of the intake air amount among the
learning regions. In each of the learning regions, a rep-
resentative point, which represents a value of a specific
intake air amount in the learning region, may be defined.
The learning prohibited region may be wider than a width
from a boundary between the learning prohibited region
and each of the two learning regions adjacent to the learn-
ing prohibited region to the representative point in the
learning region. In a case in which the intake air amount
is a value between an adjacent pair of the representative
points when operating both the first injection valve and
the second injection valve, the operation processing sec-
tion may be configured to operate the first injection valve
based on a first learning value obtained through a weight-
ed moving average process of two first learning values
in the two learning regions that include the adjacent pair
of the representative points. In the weighted moving av-
erage process, a weighting coefficient that corresponds
to the representative point that is closer to the intake air
amount at the time when the first injection valve and the
second injection valve are both being operated may be
set to be greater than a weighting coefficient that corre-
sponds to the representative point that is farther from the
intake air amount. In a case in which the first injection
valve and the second injection valve are both being op-
erated, and one of the two learning regions correspond-
ing to the two first learning values used in the weighted
moving average process includes the intake air amount
at the time, the second updating section may be config-
ured to update the second learning value in the one of
the learning regions if conditions are satisfied that include
a condition that the first learning value in at least the one
of the learning regions has converged.
[0011] In the above described configuration, the two
adjacent learning regions are separated by the learning
prohibited region having the above mentioned width.
Therefore, when the current intake air amount is included
in the predetermined learning region, and the first learn-
ing value, which is used for operating the first injection
valve, is a weighted moving average value of the first
learning value of the predetermined learning region and
the first learning value of the adjacent learning region,
the weighting coefficient of the first learning value of the
predetermined learning region is greater. Thus, even if
the first learning value used for operating the first injection
valve does not coincide with the first learning value of
the predetermined learning region due to the weighted
moving average process on the first learning value of the
predetermined learning region and the first learning value
of the adjacent learning region, the influence of the first
learning value of the adjacent learning region is small.
Therefore, the accuracy of the update of the second
learning value is not reduced even if the conditions that
have to be satisfied for updating the second learning val-
ue do not include the condition that the first learning value
of the adjacent learning region has converged. Moreover,
since the second learning value can be updated irrespec-
tive of whether the first learning value of the adjacent
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learning region has converged, the opportunities to up-
date the second learning value are increased.
[0012] The above described air-fuel ratio control may
include a second determining section configured to,
when the second updating section is updating the second
learning value, determine that the second learning value
has converged on condition that a correction ratio of the
base injection amount, which is obtained using the feed-
back operation amount, is less than or equal to the pre-
determined ratio. The second updating section is config-
ured to update the second learning value based on the
feedback operation amount even when the operation
processing section is operating only the second injection
valve. Also, The second updating section is configured
to, when the operation processing section is operating
only the second injection valve, update the second learn-
ing value irrespective of whether the second learning val-
ue is determined to have converged. Further, the second
updating section is configured to, when the operation
processing section is operating both the first injection
valve and the second injection valve, refrain from updat-
ing the second learning value if the second learning value
is determined to have converged.
[0013] When both the first injection valve and the sec-
ond injection valve are being operated, the correction
ratio for the base injection amount obtained using the
feedback operation amount may become greater than
zero due to causes that include the first learning value.
Therefore, in the above described configuration, unlike
the case in which only the second injection valve is op-
erated, when both the first injection valve and the second
injection valve are operated, the update of the second
learning value by the second updating section is permit-
ted only when the correction ratio of the base injection
amount obtained using the feedback operation amount
is relatively great. This restrains the second learning val-
ue from being updated to an inappropriate value when
both the first injection valve and the second injection
valve are operated.
[0014] To achieve the foregoing objective, an air-fuel
ratio control method for an internal combustion engine is
provided. The engine includes a first injection valve,
which is one of a port injection valve that injects fuel into
an intake passage and a direct injection valve that injects
fuel into a combustion chamber, and a second injection
valve, which is the other. The air-fuel ratio control method
includes: setting a base injection amount, which is an
open-loop operation amount for controlling an air-fuel ra-
tio to a target value; calculating a feedback operation
amount for controlling a detection value of the air-fuel
ratio to the target value; erforming, to supply fuel to the
combustion chamber of the engine, at least one of an
operation of the first injection valve based on the base
injection amount that has been corrected using the feed-
back operation amount and a first learning value, and an
operation of the second injection valve based on the base
injection amount that has been corrected using the feed-
back operation amount and a second learning value; up-

dating the first learning value based on the feedback op-
eration amount when only the first injection valve is being
operated; and when the first learning value is being up-
dated, determining that the first learning value has con-
verged on condition that a correction ratio of the base
injection amount, which is obtained using the feedback
operation amount, is less than or equal to a predeter-
mined ratio. The method further includes, when the first
injection valve and the second injection valve are both
being operated: updating the second learning value
based on the feedback operation amount on condition
that the first learning value is determined to have con-
verged and an injection distribution ratio, which is a ratio
of an injection amount of the second injection valve to a
total injection amount of the first injection valve and the
second injection valve, is greater than or equal to a spec-
ified value; and refraining from updating the second
learning value when the injection distribution ratio is less
than the specified value.
[0015] Other aspects and advantages of the present
invention will become apparent from the following de-
scription, taken in conjunction with the accompanying
drawings, illustrating by way of example the principles of
the invention.

BRIEF DESCRIPTION OF THE DRAWINGS

[0016] The invention, together with objects and advan-
tages thereof, may best be understood by reference to
the following description of the presently preferred em-
bodiments together with the accompanying drawings in
which:

Fig. 1 is a diagram of an internal combustion engine
and an air-fuel ratio control apparatus according to
one embodiment;
Fig. 2 is a diagram showing regions of the port injec-
tion and the direct injection according to the embod-
iment;
Fig. 3 is an explanatory block diagram showing air-
fuel ratio control according to the embodiment;
Fig. 4 is a diagram showing learning regions and
representative points of the embodiment;
Fig. 5 is a flowchart showing a procedure of a learn-
ing value calculation process executed by the air-
fuel ratio control apparatus of Fig. 1;
Fig. 6 is a flowchart showing a procedure of a learn-
ing process for the port injection valve executed by
the air-fuel ratio control apparatus of Fig. 1;
Fig. 7 is a flowchart showing a procedure of a learn-
ing process for the direct injection valve executed by
the air-fuel ratio control apparatus of Fig. 1;
Fig. 8 is a flowchart showing a procedure of a learn-
ing process for the port injection valve executed by
the air-fuel ratio control apparatus of Fig. 1;
Fig. 9 is a flowchart showing a procedure of a learn-
ing process for the direct injection valve executed by
the air-fuel ratio control apparatus of Fig. 1; and
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Fig. 10 is a timing diagram illustrating a process of
updating a learning value executed by the air-fuel
ratio control apparatus of Fig. 1.

DETAILED DESCRIPTION OF THE PREFERRED EM-
BODIMENTS

[0017] An air-fuel ratio control apparatus for an internal
combustion engine according to one embodiment will
now be described with reference to the drawings.
[0018] An intake passage 12 of an internal combustion
engine 10 shown in Fig. 1 is provided with an electroni-
cally controlled throttle valve 14 for varying the cross-
sectional area of the flow passage. The intake passage
12 incorporates a port injection valve 16 for injecting fuel
to the intake port. The port injection valve 16 is located
downstream of the throttle valve 14. The air in the intake
passage 12 and the fuel injected from the port injection
valve 16 fill a combustion chamber 24, which is defined
by a cylinder 20 and a piston 22, in accordance with an
opening operation of an intake valve 18. A direct injection
valve 26 injects fuel into the combustion chamber 24. A
spark plug 28 of an ignitor 30 protrudes into the combus-
tion chamber 24. Then, by spark ignition of the spark plug
28, the air-fuel mixture is ignited and burned. Some of
the combustion energy of the air-fuel mixture is converted
into rotational energy of a crankshaft 32 by reciprocating
motion of the piston 22 along the wall surface of the cyl-
inder 20. Although only one cylinder 20 is shown in Fig.
1, the internal combustion engine 10 typically includes a
plurality of cylinders 20.
[0019] The exhaust gas generated by the combustion
of the air-fuel mixture is discharged to an exhaust pas-
sage 36 in accordance with an opening operation of an
exhaust valve 34. A catalyst 38 such as a three-way cat-
alyst is provided in the exhaust passage 36.
[0020] A control apparatus 40 controls the internal
combustion engine 10 and operates actuators such as
the port injection valve 16, the direct injection valve 26,
the ignitor 30, and the like to control control amounts
(torque, exhaust constituents). For the above-mentioned
control, the control apparatus 40 receives output values
of various sensors such as a crank angle sensor 50 that
detects the rotation angle of the crankshaft 32, an air-
fuel ratio sensor 52 that detects the air-fuel ratio, and an
air flowmeter 56 that detects an intake air amount Ga.
The air-fuel ratio sensor 52 is provided in the exhaust
passage 36 on the upstream side of the catalyst 38, and
outputs an output value laf corresponding to the exhaust
constituents in the exhaust passage 36.
[0021] On condition that an ignition switch 58 is in the
ON state, the control apparatus 40 causes the port injec-
tion valve 16 and the direct injection valve 26 to inject
fuel to control the above-mentioned control amounts.
More specifically, the control apparatus 40 variably sets
the ratio (the injection distribution ratio Kpfi) of the amount
of fuel injected from the port injection valve 16 to the total
amount of fuel injected from both the port injection valve

16 and the direct injection valve 26, and executes fuel
injection from at least one of the port injection valve 16
and the direct injection valve 26.
[0022] Fig. 2 shows the setting at the operating points
of the basic injection distribution ratio Kpfi in the present
embodiment. The operating points are determined by the
rotation speed NE and the load KL. As shown in Fig. 2,
in the present embodiment, the fuel injection using only
the port injection valve 16 is executed by setting the in-
jection distribution ratio Kpfi to 1 mainly in the low load
region. In the medium load region, the injection distribu-
tion ratio Kpfi is set to a value smaller than 1 and greater
than 0, so that fuel injection is executed using both the
port injection valve 16 and the direct injection valve 26.
Further, in the high load region, the injection distribution
ratio Kpfi is set to 0, and fuel injection is executed using
only the direct injection valve 26. The reason why the
injection distribution ratio Kpfi is made small in the high
load region or the like to increase the proportion of the
fuel injected from the direct injection valve 26 is to in-
crease the amount of fuel vaporized in the combustion
chamber 24, thereby lowering the temperature of the air-
fuel mixture used for combustion in the combustion
chamber 24. The regions A1 to A3 in Fig. 2 will be dis-
cussed below.
[0023] The control apparatus 40 includes a central
processing unit (CPU 42) and a memory 44, and exe-
cutes the above mentioned control by executing pro-
grams stored in the memory 44 using the CPU 42. Fig.
3 shows part of the processing executed by the CPU 42
according to programs stored in the memory 44.
[0024] A target value setting section M10 sets a target
value AF* for the air-fuel ratio of the air-fuel mixture to
be burned in the combustion chamber 24 and a target
value laf* for the output value laf of the air-fuel ratio sensor
52 that corresponds to the target value AF*.
[0025] An open-loop processing section M12 calcu-
lates a base injection amount Qb as an open loop oper-
ation amount for controlling the air-fuel ratio in the com-
bustion chamber 24 to the target value AF* based on the
target value AF*. More specifically, the open-loop
processing section M12 calculates the base injection
amount Qb based on the target value AF* and the amount
of air drawn into the combustion chamber 24 (cylinder
filling air amount), which is defined in accordance with
the intake air amount Ga and the rotation speed NE. The
rotation speed NE is calculated based on an output signal
Scr of the crank angle sensor 50. The load shown in Fig.
2 indicates the ratio of the actual cylinder filling air amount
to the maximum value of the cylinder filling air amount
when the rotation speed NE is given.
[0026] A feedback processing section M14 calculates
a feedback operation amount KAF for controlling the out-
put value laf to the target value laf*. Specifically, the feed-
back processing section M14 includes a proportional el-
ement, an integral element, and a differential element,
each of which receives a value obtained by subtracting
the target value laf* from the output value laf. The feed-
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back processing section M14 calculates the feedback
operation amount KAF based on the sum of the output
values of these elements. In the present embodiment,
the feedback operation amount KAF is a parameter ex-
pressing the correction ratio of the base injection amount
Qb, and the correction ratio is 0 when the feedback op-
eration amount KAF is 1.
[0027] At the time of executing the feedback control in
which the feedback processing section M14 is operating,
a multiplication section M16 multiplies the base injection
amount Qb by the feedback operation amount KAF to
calculate a corrected injection amount Qfb, which is the
base injection amount Qb corrected with the feedback
operation amount KAF, and outputs corrected injection
amount Qfb.
[0028] A first distribution ratio multiplication section
M18 outputs a value obtained by multiplying the correct-
ed injection amount Qfb by the injection distribution ratio
Kpfi. In contrast, a second distribution ratio multiplication
section M20 outputs a value obtained by multiplying the
corrected injection amount Qfb by (1 - Kpfi).
[0029] The port injection-side learning correction sec-
tion M22 corrects the output value of the first distribution
ratio multiplication section M18 by multiplying the output
value by a learning value LP for the port injection valve
16 and outputs the result as a command injection amount
Qp* for the port injection valve 16. The learning value LP
for the port injection valve 16 will hereinafter be referred
to as a port injection learning value LP. The direct injec-
tion-side learning correction section M24 corrects the
output value of the second distribution ratio multiplication
section M20 by multiplying the output value by a learning
value LD for the direct injection valve 26 and outputs the
result as a command injection amount Qd* for the direct
injection valve 26. The learning value LD for the direct
injection valve 26 will hereinafter be referred to as a direct
injection learning value LD. When the feedback control
is stopped, the multiplication section M16 outputs a value
obtained by multiplying the base injection amount Qb by
1 as the corrected injection amount Qfb. In this case,
although the corrected injection amount Qfb is the base
injection amount Qb itself, the command injection amount
Qp* corresponds to the value obtained by correcting the
base injection amount Qb with the port injection learning
value LP, and the command injection amount Qd* cor-
responds to the value obtained by correcting the base
injection amount Qb with the direct injection learning val-
ue LD.
[0030] Based on the command injection amount Qp*,
the operation processing section M26 generates an op-
eration signal MS2 for the port injection valve 16 and
outputs it to the port injection valve 16. Also, based on
the command injection amount Qd*, the operation
processing section M26 generates an operation signal
MS3 for the direct injection valve 26 and outputs it to the
direct injection valve 26.
[0031] An average operation amount calculation sec-
tion M30 calculates the average value of the feedback

operation amount KAF (an average operation amount
KAFa). In the present embodiment, a weighted moving
average process is illustrated. That is, the updated av-
erage operation amount KAFa is set to the sum of the
value obtained by multiplying, by a coefficient α, the feed-
back operation amount KAF at the update timing of the
average operation amount KAFa and the value obtained
by multiplying, by a coefficient β, the average operation
amount KAFa held immediately before the update timing.
In the present embodiment, the following expressions
are satisfied: 0 < α < β < 1, α + β = 1.
[0032] A learning section M32 receives the average
operation amount KAFa and updates the port injection
learning value LP and the direct injection learning value
LD.
[0033] A learning value calculation section M34 calcu-
lates the learning values LP and LD and outputs these
values to the port injection-side learning correction sec-
tion M22 and the direct injection-side learning correction
section M24, respectively. In the present embodiment,
both the learning values LP and LD are determined for
each of a plurality of learning regions defined according
to the intake air amount Ga. Specifically, as shown in Fig.
4, common learning regions AL1, AL2, AL3, ... are de-
fined for the learning values LP and LD. Although the
learning region AL1 and the learning region AL2 are ad-
jacent to each other in terms of the magnitude of the
intake air amount Ga, a learning prohibited region AP of
which the intake air amount Ga is greater than that in the
learning region AL1 and smaller than that in the learning
region AL2 is arranged between the learning region AL1
and the learning region AL2. The learning prohibited re-
gion AP is a region where update of the learning values
LP and LD is prohibited. Similarly, a learning prohibited
region AP is arranged between the learning region AL2
and the learning region AL3, which are adjacent to each
other in terms of the magnitude of the intake air amount
Ga. As described above, in the present embodiment, a
learning prohibited region AP is arranged between each
learning region ALi and a learning region ALj (j = i + 1),
which are adjacent to each other. In the present embod-
iment, the learning prohibited region AP, which is sand-
wiched between the adjacent learning regions ALi and
ALj, is wider than the learning regions ALi and ALj. The
width of a region is the difference in the intake air amount
between the two boundaries (lower limit and upper limit)
of the region.
[0034] On condition that the intake air amount Ga is
included in any of the learning regions AL1, AL2, AL3, ...,
the learning section M32 updates the learning values
LP(i), LD(i) in the learning region ALi that includes the
intake air amount Ga. In contrast, when the intake air
amount Ga is not included in any of the learning regions
AL1, AL2, AL3, ..., the learning section M32 does not
update the learning values LP(j), LD(j) in any of the learn-
ing regions ALj (j = 1, 2, 3, ...). In this description, when
collectively referring to or not identifying the learning val-
ues LP(1), LP(2), LP(3), ... and the learning values LD(1),
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LD(2), LD(3), ..., which correspond to the learning re-
gions AL1, AL2, AL3, ..., and when referring to the output
values of the learning value calculation section M34,
these values will be simply represented by the learning
values LP, LD.
[0035] The learning value calculation section M34 de-
fines representative points RP1, RP2, RP3, ... in the
learning regions AL1, AL2, AL3, ..., respectively. The rep-
resentative points RP1, RP2, RP3, ... have values of the
intake air amount Ga at the center of the corresponding
learning regions AL1, AL2, AL3, .... Then, the learning
value calculation section M34 assumes the learning val-
ues LP(i), LD(i) updated in the learning region ALi (i = 1,
2, 3, ...) to be the values at the representative point RPi.
Then, when the intake air amount Ga does not coincide
with any of the representative points RP1, RP2, RP3,...,
the learning value calculation section M34 calculates and
outputs a learning value LP (LD) by weighted moving
average process of the learning values at two represent-
ative points RPi, RPj (j = i + 1), which are adjacent to the
intake air amount Ga.
[0036] Fig. 5 shows the procedure of the calculation
process of the port injection learning value LP executed
by the learning value calculation section M34. The proc-
ess shown in Fig. 5 is repeatedly executed at a prede-
termined interval. In the following description, the CPU
42 is described as the subject of the process. The pro-
cedure for calculating the direct injection learning value
LD performed by the learning value calculation section
M34 is also similar to that shown in Fig. 5, so that the
explanation using diagrams will be omitted.
[0037] In the series of processes shown in Fig. 5, the
CPU 42 first acquires the intake air amount Ga (S2). Next,
the CPU 42 calculates the port injection learning value
LP through the weighted moving average process based
on the following expression (c1) at S4. 

[0038] The representative point RPi related to the port
injection learning value LP(i) is less than or equal to the
intake air amount Ga acquired in step S2, and the rep-
resentative point RPj (j = i + 1) related to the port injection
learning value LP(i + 1) is greater than or equal to the
intake air amount Ga. The weighting coefficients a and
b are both zero or greater, and satisfy (a + b = 1). The
smaller the difference between the intake air amount Ga
acquired at step S2 and the representative point RPi, the
greater the weighting coefficient a is set to be. In partic-
ular, when the intake air amount Ga and the represent-
ative point RPi coincide with each other, the weighting
coefficient a is set to 1. In contrast, the smaller the dif-
ference between the intake air amount Ga acquired at
step S2 and the representative point RPj, the greater the
weighting coefficient b is set to be. In particular, when
the intake air amount Ga and the representative point

RPj coincide with each other, the weighting coefficient b
is set to 1.
[0039] When step S4 is completed, the CPU 42 tem-
porarily ends the series of processes shown in Fig. 5.
When the intake air amount Ga acquired in step S2 is
not sandwiched between two adjacent representative
points RPi and RPj, the final port injection learning value
LP is preferably set to, for example, the port injection
learning value LP(i) corresponding to the representative
point RPi closest to the intake air amount Ga.
[0040] Fig. 6 shows the procedure of process relating
to the port injection learning value LP among the proc-
esses executed by the learning processing section M32.
The process shown in Fig. 6 is a process of updating the
port injection learning value LP when fuel is injected only
from the port injection valve 16, and is repeatedly exe-
cuted at a predetermined interval, for example. In the
following description, the CPU 42 is described as the
subject of the process.
[0041] In the series of processes shown in Fig. 6, the
CPU 42 first determines whether the injection distribution
ratio Kpfi is 1 (S10). When determining that the injection
distribution ratio Kpfi is 1 (S10: YES), that is, when de-
termining that fuel is injected only from the port injection
valve 16, the CPU acquires the intake air amount Ga
(S12). Next, the CPU 42 determines whether the intake
air amount Ga is included in any of the learning regions
AL1, AL2, AL3, ... (S14). Then, when determining that
the intake air amount Ga is included in any of the learning
regions (S14: YES), the CPU 42 selects the learning re-
gion ALi including the intake air amount Ga (S16).
[0042] Next, the CPU 42 determines whether the av-
erage operation amount KAFa is greater than or equal
to (1 - δ) and less than or equal to (1 + δ) at S18. In other
words, the CPU 42 determines whether the correction
ratio (an absolute value) of the base injection amount Qb
obtained using the average operation amount KAFa is
less than or equal to a predetermined ratio δ. The cor-
rection ratio is defined by the absolute value of (KAFa -
1) independently of the value of the base injection amount
Qb. This process determines whether the port injection
learning value LP(i) has converged to an appropriate val-
ue that compensates for an error that may occur when
the air-fuel ratio is controlled to the target value AF* using
the base injection amount Qb. That is, when the port in-
jection learning value LP(i) converges to an appropriate
value, the value obtained by correcting the base injection
amount Qb based on the port injection learning value
LP(i) approaches an optimum value for controlling the
output value laf of the air-fuel ratio sensor 52 to the target
value laf*. Thus, the feedback operation amount KAF ap-
proaches 1, and eventually the average operation
amount KAFa approaches 1.
[0043] Even if the intake air amount Ga is included in
the learning region ALi, the port injection learning value
LP used for correcting the base injection amount Qb is
not necessarily the port injection learning value LP(i) itself
in the learning region ALi. The port injection learning val-
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ue LP may be a value obtained by a weighted moving
average process of the port injection learning value LP(i)
in the learning region ALi and the port injection learning
value LP(j) in the learning region ALj adjacent to the learn-
ing region ALi (see step S4 in Fig. 5). However, since the
learning prohibited region AP is provided between the
learning region ALi and the learning region ALj, when the
intake air amount Ga is included in the learning region
ALi, the influence of the port injection learning value LP(i)
in the learning region ALi is dominant in the port injection
learning value LP used for correcting the base injection
amount Qb. Specifically, since the difference between
the intake air amount Ga and the representative point
RPj is greater than the difference between the intake air
amount Ga and the representative point RPi, the weight-
ing coefficient for the port injection learning value LP(i)
related to the representative point RPi (the weighting co-
efficient a in the above expression c1) is greater than the
weighting coefficient for the port injection learning value
LP(j) (the weighting coefficient b in the expression c1)
related to the representative point RPj. Thus, in the port
injection learning value LP used for correcting the base
injection amount Qb, the influence of the port injection
learning value LP(i) becomes dominant. Therefore, in the
present embodiment, when the average operation
amount KAFa approaches 1, it is determined that the port
injection learning value LP(i) has converged to an appro-
priate value.
[0044] When determining that the average operation
amount KAFa is greater than or equal to (1 - δ) and less
than or equal to (1 + δ) (S18: YES), the CPU 42 sets, to
1, a convergence determination flag FP(i) indicating that
the port injection learning value LP(i) in the learning re-
gion ALi has converged (S20). In contrast, when deter-
mining that the average operation amount KAFa is less
than (1 - 6) or greater than (1 + δ) (S18: NO), the CPU
42 sets the convergence determination flag FP (i) to 0
(S22).
[0045] When steps S20 and S22 are completed, the
CPU 42 calculates an update amount ΔL of the port in-
jection learning value LP based on the average operation
amount KAFa (S24). The update amount ΔL is set to a
value for reducing the correction ratio of the base injection
amount Qb obtained using the feedback operation
amount KAF. More specifically, the CPU 42 sets the up-
date amount ΔL to a greater value as the average oper-
ation amount KAFa is increased, sets the update amount
ΔL to a smaller value as the average operation amount
KAFa is reduced, and sets the update amount ΔL to zero
when the average operation amount KAFa is 1. This con-
figuration is achieved by storing in the memory 44 a map
that defines the relationship between the average oper-
ation amount KAFa and the update amount ΔL in ad-
vance, and calculating the update amount ΔL using the
map. Then, the CPU 42 updates the port injection learn-
ing value LP(i) by adding the update amount ΔL to the
port injection learning value LP(i) in the learning region
ALi (S26).

[0046] In the case where step S26 is completed or
when the determination is negative at steps S10 or S14,
the CPU 42 temporarily ends the series of processes
shown in Fig. 6.
[0047] Fig. 7 shows the procedure of process relating
to the direct injection learning value LD among the proc-
esses executed by the learning processing section M32.
The process shown in Fig. 7 is repeatedly executed at a
predetermined interval. In the following description, the
CPU 42 is described as the subject of the process.
[0048] The process shown in Fig. 7 is a process of
updating the direct injection learning value LD when fuel
is injected only from the direct injection valve 26, and is
in contrast to the process shown in Fig. 6, in which the
port injection learning value LP is updated when fuel is
injected only from the port injection valve 16. Steps S30
to S46 shown in Fig. 7 correspond to steps S10 to S26
shown in Fig. 6. However, step S30 is a process for de-
termining whether 1 is assigned to the injection distribu-
tion ratio (1 - Kpfi), which is the ratio of the injection
amount of the direct injection valve 26 to the total amount
of the injection amount of the port injection valve 16 and
the injection amount of the direct injection valve 26. At
steps S40 and S42, the value of a convergence determi-
nation flag FD(i) indicating that the direct injection learn-
ing value LD(i) has converged is set. At step S46, the
direct injection learning value LD(i) in the learning region
ALi selected at step S36 is updated.
[0049] Next, a process of updating the learning values
LP and LD when fuel is injected from both the port injec-
tion valve 16 and the direct injection valve 26 will be de-
scribed.
[0050] Fig. 8 shows the procedure of process relating
to the port injection learning value LP among the proc-
esses executed by the learning processing section M32.
The process shown in Fig. 8 is a process of updating the
port injection learning value LP when the injection
amount of the port injection valve 16 is greater than the
injection amount of the direct injection valve 26, and is
repeatedly executed at a predetermined interval, for ex-
ample. In the following description, the CPU 42 is de-
scribed as the subject of the process.
[0051] In the series of processes shown in Fig. 8, the
CPU 42 first determines whether the injection distribution
ratio Kpfi is greater than or equal to a specified value Kth
and less than 1 (S50). This process is performed to de-
termine whether one of conditions for executing a proc-
ess for updating the port injection learning value LP is
satisfied when fuel is injected from both the port injection
valve 16 and the direct injection valve 26. In the present
embodiment, the specified value Kth is set to 0.5. That
is, at step S50, it is determined whether the injection
amount of the port injection valve 16 is greater than or
equal to the injection amount of the direct injection valve
26.
[0052] When determining that the injection distribution
ratio Kpfi is greater than or equal to the specified value
Kth and is less than 1 (S50: YES), the CPU 42 determines
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that one of the conditions for executing the update proc-
ess is satisfied, and executes steps S52 to S56, which
correspond to steps S12 to S16 shown in Fig. 6. Next,
the CPU 42 determines whether the convergence deter-
mination flag FD(i) of the direct injection learning value
LD(i) related to the learning region ALi selected at step
S56 is 1 and the convergence determination flag FP(i)
of the port injection learning value LP(i) is 0 (S58).
[0053] This condition is used to determine whether one
of conditions for executing a process for updating the
port injection learning value LP is satisfied when fuel is
injected from both the port injection valve 16 and the di-
rect injection valve 26. The situation in which the logical
conjunction of the condition that the convergence deter-
mination flag FD(i) is 1 and the condition that the injection
distribution ratio Kpfi is greater than or equal to the spec-
ified value Kth at step S50 is true is a situation in which
the direct injection learning value LD(i) has converged
and the injection amount of the port injection valve 16 is
greater than or equal to the injection amount of the direct
injection valve 26. In this situation, when the feedback
operation amount KAF deviates from 1, it is considered
that the main factor is that the port injection learning value
LP has not converged. Therefore, if the determination is
affirmative at steps S58, it can be determined that one
of the conditions for updating the port injection learning
value LP is satisfied.
[0054] When affirmative determination is made at step
S58, the CPU 42 determines whether the average oper-
ation amount KAFa is greater than or equal to (1 - δ) and
less than or equal (1 + δ) as in the case of step S18 of
Fig. 6 (S60). When determining that the average opera-
tion amount KAFa is less than (1 - δ) or greater than (1
+ δ) (S60: NO), the CPU 42 calculates the update amount
ΔL as at step S24 (S62). Then, as at step S26, the CPU
42 updates the port injection learning value LP(i) in the
learning region ALi based on the calculated update
amount ΔL (S64).
[0055] In contrast, when determining that the average
operation amount KAFa is greater than or equal to (1 -
δ) and less than or equal to (1 + δ) (S60: YES), the CPU
42 sets the convergence determination flag FP(i) of the
port injection learning value LP(i) to 1 (S66).
[0056] In the case where steps S64, S66 are complet-
ed or when the determination is negative at steps S50,
S54, and S58, the CPU 42 temporarily ends the series
of processes shown in Fig. 8.
[0057] That is, in the present embodiment, when it is
determined that the port injection learning value LP has
converged while fuel is injected from both the port injec-
tion valve 16 and the direct injection valve 26 (S60: YES),
the port injection learning value LP is not updated. This
is because when fuel is injected from both the port injec-
tion valve 16 and the direct injection valve 26, one of the
causes of deviation of the average operation amount KA-
Fa (in other words, the feedback operation amount KAF)
from 1 is considered to be the direct injection learning
value LD. That is, even when it is determined that the

direct injection learning value LD has converged (the con-
vergence determination flag FD(i) = 1 at step S58), the
average operation amount KAFa can deviate from one
within the range of 6δ (see S38 in Fig. 7) if the direct
injection learning value LD is used and fuel is injected
only from the direct injection valve 26. In other words,
even when it is determined that the direct injection learn-
ing value LD has converged, the direct injection learning
value LD has not necessarily completely compensated
for the error in the injection amount of the direct injection
valve 26. Even in a case in which fuel is injected only
from the direct injection valve 26 using the direct injection
learning value LD, if the average operation amount KAFa
can deviate from 1 within the range 6δ, the direct injection
learning value LD is considered to be a cause of deviation
of the average operation amount KAFa from 1 within the
range of 6δ at step S60 of Fig. 8 when fuel is injection
from both the port injection valve 16 and the direct injec-
tion valve 26. Therefore, if an affirmative determination
is made at step S60 in the situation where it is determined
at step S58 of Fig. 8 that the direct injection learning value
LD has converged, it cannot be determined which of the
direct injection learning value LD and the port injection
learning value LP has caused the deviation of the aver-
age operation amount KAFa (in other words, the feed-
back operation amount KAF) from 1. For this reason, in
the present embodiment, in the situation where it is de-
termined at step S58 of Fig. 8 that the direct injection
learning value LD has converged, if the amount of devi-
ation of the average operation amount KAFa from 1 is
within the range of 6δ, the port injection learning value
LP is regarded as having converged. Thereafter, the
process of updating the port injection learning value LP
is not executed. This reduces the possibility of erroneous
learning of the port injection learning value LP in the proc-
ess of Fig. 8, and eventually allows the port injection
learning value LP to quickly converge to an appropriate
value in the process shown in Fig. 6.
[0058] Fig. 9 shows the procedure of process relating
to the direct injection learning value LD among the proc-
esses executed by the learning processing section M32.
The process shown in Fig. 9 is repeatedly executed at a
predetermined interval. In the following description, the
CPU 42 is described as the subject of the process.
[0059] The process shown in Fig. 9 is a process of
updating the direct injection learning value LD when the
injection amount of the direct injection valve 26 is greater
than or equal to the injection amount of the port injection
valve 16. This is in contrast to the process shown in Fig.
8, in which the port injection learning value LP is updated
when the injection amount of the port injection valve 16
is greater than or equal to the injection amount of the
direct injection valve 26. Steps S70 to S86 shown in Fig.
9 correspond to steps S50 to S66 shown in Fig. 8. How-
ever, in step S70, it is determined at step S70 whether
the above-mentioned injection distribution ratio (1 - Kpfi)
is greater than or equal to the specified value Kth and
less than 1. In steps S78 and S86, the convergence de-
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termination flag FD(i) in steps S58 and S66 is replaced
by the convergence determination flag FP(i), and the con-
vergence determination flag FP(i) in steps S58 and S66
is replaced by the convergence determination flag FD (i).
At step S84, the direct injection learning value LD(i) in
the learning region ALi selected at step S76 is updated
(S84).
[0060] Also in the update process of the direct injection
learning value LD shown in Fig. 9, as in the update proc-
ess of the port injection learning value LP shown in Fig.
8, the direct injection learning value LD is not updated if
it is determined that the direct injection learning value LD
has converged (S80: YES). This is because when fuel is
injected from both the port injection valve 16 and the di-
rect injection valve 26, one of the causes of deviation of
the average operation amount KAFa (in other words, the
feedback operation amount KAF) from 1 is considered
to be the port injection learning value LP. That is, even
when it is determined that the port injection learning value
LP has converged (the convergence determination flag
FP(i) = 1 at step S78), the average operation amount
KAFa can deviate from 1 within the range of 6δ (see S18
in Fig. 6) if the port injection learning value LP is used
and fuel is injected only from the port injection valve 16.
In other words, even when it is determined that the port
injection learning value LP has converged, the port in-
jection learning value LP has not necessarily completely
compensated for the error in the injection amount of the
port injection valve 16. Even in a case in which fuel is
injected only from the port injection valve 16 using the
port injection learning value LP, if the average operation
amount KAFa can deviate from 1 within the range 6δ,
the port injection learning value LP is considered to be a
cause of deviation of the average operation amount KA-
Fa from 1 within the range of 6δ at step S80 of Fig. 9
when fuel is injection from both the port injection valve
16 and the direct injection valve 26. Therefore, if an af-
firmative determination is made at step S80 in the situa-
tion where it is determined at step S78 of Fig. 9 that the
port injection learning value LP has converged, it cannot
be determined which of the direct injection learning value
LD and the port injection learning value LP has caused
the deviation of the average operation amount KAFa (in
other words, the feedback operation amount KAF) from
1. For this reason, in the present embodiment, in the sit-
uation where it is determined at step S78 of Fig. 9 that
the port injection learning value LP has converged, if the
amount of deviation of the average operation amount KA-
Fa from 1 is within the range of 6δ, the direct injection
learning value LD is regarded as having converged.
Thereafter, the process of updating the direct injection
learning value LD is not executed. This reduces the pos-
sibility of erroneous learning of the direct injection learn-
ing value LD in the process of Fig. 9, and eventually al-
lows the direct injection learning value LD to quickly con-
verge to an appropriate value in the process shown in
Fig. 7.
[0061] In the present embodiment, the CPU 42 initial-

izes the convergence determination flag FP(i) and the
convergence determination flag FD(i) to 0 when the ig-
nition switch 58 is switched from the OFF state to the ON
state. However, the port injection learning value LP and
the direct injection learning value LD in each of the learn-
ing regions AL1, AL2, AL3, ... are used while being main-
tained to the values when the ignition switch 58 was pre-
viously turned ON until the update process is executed.
[0062] Operation of the present embodiment will now
be described.
[0063] Fig. 10 shows transitions of the execution state
and the stopped state of the update process of the learn-
ing values LD(i), LP(i) in the learning region ALi. In Fig.
10, it is assumed that the learning region ALi does not
change after a point in time t1.
[0064] As shown in Fig. 10, when the injection distri-
bution ratio Kpfi becomes 0 after the point in time t1, the
update process of the direct injection learning value LD(i)
is in the execution state, whereas the update process of
the port injection learning value LP(i) is in the stopped
state. In particular, Fig. 10 shows that the direct injection
learning value LD(i) has converged after a point in time
t2. Thereafter, when the injection distribution ratio Kpfi
becomes greater than zero at a point in time t3, the update
process of the direct injection learning value LD(i) is in
the stopped state. Further, the update process of the port
injection learning value LP(i) remains in the stopped state
because the injection distribution ratio Kpfi is less than
the specified value Kth. Thereafter, at a point in time t4,
the injection distribution ratio Kpfi becomes greater than
or equal to the specified value Kth, so that the port injec-
tion learning value LP(i) is updated. Then, when the port
injection learning value LP(i) is determined to have con-
verged at a point in time t5, the update process of the
port injection learning value LP(i) is stopped.
[0065] Thus, by updating the port injection learning val-
ue LP(i) even when the injection distribution ratio Kpfi is
less than 1, the port injection learning value LP(i) is up-
dated more frequently than in a case where the port in-
jection learning value LP(i) is updated only when the in-
jection distribution ratio Kpfi is 1. For example, as shown
in Fig. 2, it is assumed that a region A1 in which the
injection distribution ratio Kpfi is 1, a region A2 in which
the injection distribution ratio Kpfi is less than 1 and great-
er than zero, and a region A3 in which the injection dis-
tribution ratio Kpfi is 0 are all the the same learning region
ALi. When it is determined that the direct injection learn-
ing value LD(i) has converged in the region A3 after the
ignition switch 58 is switched to the ON state, it is possible
to update the port injection learning value LP(i) in the
region A2. Therefore, the port injection learning value
LP(i) is updated more frequently than in the case in which
the port injection learning value LP(i) is updated only in
the region where the injection distribution ratio Kpfi is 1.
[0066] Thus, it is possible to converge the port injection
learning value LP(i) at an early stage after the ignition
switch 58 is switched from the OFF state to the ON state.
For this reason, for example, even in the case in which

17 18 



EP 3 260 691 A1

11

5

10

15

20

25

30

35

40

45

50

55

a process is provided that is executed on condition that
the port injection learning value LP(i) has converged, it
is possible to quickly satisfy that execution condition of
the process.
[0067] Moreover, when the injection distribution ratio
Kpfi is less than 1, the port injection learning value LP(i)
is updated on condition that the logical conjunction is true
for the condition that the convergence determination flag
FD(i) is 1 with respect to the direct injection learning value
LD and the condition that the injection distribution ratio
Kpfi is greater than or equal to the specified value Kth.
Therefore, the port injection learning value LP(i) can be
updated accurately when the injection distribution ratio
Kpfi is less than 1.
[0068] In contrast, after the port injection learning value
LP(i) converges in the learning region ALi, the direct in-
jection learning value LD(i) can be updated while fuel is
injected from both the port injection valve 16 and the di-
rect injection valve 26 in the learning region ALi. Thus,
the direct injection learning value LD(i) is updated more
frequently in the learning region ALi. Moreover, when the
injection distribution ratio (1 - Kpfi) is less than 1, the
direct injection learning value LD(i) is updated on condi-
tion that the logical conjunction is true for the condition
that the convergence determination flag FP(i) of the port
injection learning value LP(i) is 1 and the condition that
the injection distribution ratio (1 - Kpfi) is greater than or
equal to the specified value Kth. Therefore, the direct
injection learning value LD(i) can be updated accurately
when the injection distribution ratio (1 - Kpfi) is less than 1.
[0069] According to the setting of the injection distri-
bution ratio Kpfi shown in Fig. 2, all of the fuel injection
from only the port injection valve 16, the fuel injection
from only the direct injection valve 26, and the fuel injec-
tion from both the port injection valve 16 and the direct
injection valve 26 are not necessarily executed in each
of the learning regions AL1, AL2, AL3, .... For example,
there is a region in which, although fuel injection from
only the direct injection valve 26 and fuel injection from
both the port injection valve 16 and the direct injection
valve 26 are executed, fuel injection from only the port
injection valve 16 is not executed. However, even in this
case, the port injection learning value LP(j) can be up-
dated through the process shown in Fig. 8. Therefore,
even if, for example, an anomaly occurs in the direct in-
jection valve 26, and the injection distribution ratio Kpfi
shown in Fig. 2 cannot be maintained, so that fuel injec-
tion is executed using only the port injection valve 16, it
is possible to use the command injection amount Qp*,
which has been calculated using the port injection learn-
ing value LP(j), which has already converged from the
beginning.
[0070] The present embodiment described above fur-
ther achieves the following advantages.

(1) The condition that the direct injection learning
value LD(i) in the learning region ALi has converged
is included in the execution condition of the update

process of the port injection learning value LP(i) in
the learning region ALi. In the learning region ALi,
some of the causes of deviation of the feedback op-
eration amount KAF from 1 are related to the direct
injection learning value LD. Among these, the main
cause is the direct injection learning value LD(i) in
the learning region ALi. Thus, since the port injection
learning value LP(i) is updated on condition that the
direct injection learning value LD(i) in the learning
region ALi has converged, the port injection learning
value LP(i) is allowed to be updated on condition that
the feedback operation amount KAF deviates from
1 by a small degree due to the direct injection learn-
ing value LD, which has been used to calculate the
command injection amount Qd*. Therefore, it is pos-
sible to update the port injection learning value LP(i)
with high accuracy.

[0071] Likewise, since the condition that the port injec-
tion learning value LP(i) in the learning region ALi has
converged is included in the execution conditions of the
update process of the direct injection learning value LD(i)
in the learning region ALi, it is possible to update the
direct injection learning value LD(i) with high accuracy.

(2) The command injection amount Qd* and the com-
mand injection amount Qp* are calculated in accord-
ance with the learning values calculated by the
weighted moving average process of the learning
values in each of the learning regions ALi, ALj. How-
ever, in the process of updating the learning value,
the condition that the learning value in the learning
region ALj has converged is not included in the ex-
ecution conditions of the update process in the other
learning region ALi. In other words, when one of the
direct injection learning value and the port injection
learning value is defined as a first learning value,
and the other is defined as a second learning value,
two first learning values are used in the weighted
moving average process. On condition that the first
learning value in at least one of the learning regions
ALi has converged, the second learning value in that
learning region ALi is updated. This increase the op-
portunities of updating the learning values LP(i),
LD(i) while restraining the accuracy of the update
from being reduced.
(3) When fuel is injected from both the port injection
valve 16 and the direct injection valve 26, the con-
ditions for updating the learning values LP, LD in-
clude the condition that the correction ratio of the
base injection amount Qb, which is obtained using
the average operation amount KAFa, is greater than
the predetermined ratio δ. This restrains the learning
values from being updated to inappropriate values.
(4) When the correction ratio of the base injection
amount Qb, which is obtained using the average op-
eration amount KAFa, less than or equal to the pre-
determined ratio δ, it is determined that the learning
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values LP and LD have converged. Accordingly,
when the correction ratio, which is obtained using
the feedback operation amount KAF, suddenly falls
below the predetermined ratio δ, erroneous determi-
nation of convergence is prevented.

<Correspondence>

[0072] When the first injection valve corresponds to
the port injection valve 16, a first updating section corre-
sponds to the CPU 42 executing steps S10 to S16, S24,
and S26, a first determining section corresponds to the
CPU 42 executing steps S18 to S22, and a second up-
dating section corresponds to the CPU 42 executing
steps S70 to S78, S82, and S84. When the first injection
valve corresponds to the direct injection valve 26, the
first updating section corresponds to the CPU 42 execut-
ing steps S30 to S36, S44, and S46, the first determining
section corresponds to the CPU 42 executing steps S38
to S42, and the second updating section corresponds to
the CPU 42 executing steps S50 to S58, S62, and S64.
The air-fuel ratio control apparatus corresponds to the
control apparatus 40.
[0073] When the first injection valve corresponds to
the port injection valve 16, a second determining section
corresponds to the CPU 42 executing steps S80 and S86.
When the first injection valve corresponds to the direct
injection valve 26, the second determining section cor-
responds to the CPU 42 executing steps S60 and S66.

<Other Embodiments>

[0074] At least one feature of the above illustrated em-
bodiments may be modified as follows.

Regarding Average Operation Amount Calculation Sec-
tion M30

[0075] The average operation amount calculation sec-
tion M30 is not limited to the one that executes the weight-
ed moving average process for the feedback operation
amount KAF, but may be, for example, a process of cal-
culating a predetermined number of simple moving av-
erage values. The predetermined number is preferably
ten or greater.

Regarding Gain of Update Amount Calculating Process

[0076] The update amount calculating process is not
limited to the process in which the more deviated from 1
the average operation amount KAFa, the greater the ab-
solute value of the update amount ΔL of the learning value
becomes. For example, the update amount ΔL may be
set to a value obtained by multiplying (KAFa - 1) by a
predetermined constant that is greater than or equal to
zero.

Regarding Input Parameter for Calculating Update 
Amount ΔL

[0077] The input parameter for calculating the update
amount ΔL is not limited to the average operation amount
KAFa. For example, when the feedback processing sec-
tion M14 includes an integral element, the input param-
eter for calculating the update amount ΔL may be an out-
put value of the integral element. In this case, the learning
value is preferably permitted to be updated on condition
that the fluctuation amount of the out value of the integral
element is less than or equal to a predetermined amount.
[0078] The update amount ΔL may be calculated in
accordance not only with the output value of the integral
element, but also to the feedback operation amount KAF
at the time.

Regarding Convergence Determination

[0079] The determination process as to whether the
average value of the correction ratio of the base injection
amount Qb, which is obtained using the feedback oper-
ation amount KAF, is less than or equal to the predeter-
mined ratio δ is not limited to one based on the average
operation amount KAFa. For example, the learning val-
ues LP and LD may be determined to have converged
when the correction ratio of the base injection amount
Qb, which is obtained using the feedback operation
amount KAF, has remained less than or equal to the pre-
determined ratio δ for a predetermined time period. That
is, in this case, the average value of the correction ratio
of the base injection amount Qb, which is obtained using
the feedback operation amount KAF, for the predeter-
mined time period is also less than or equal to the pre-
determined ratio δ.
[0080] Further, for example, the learning values LP,
LD may be determined to have converged when the log-
ical conjunction is true for the condition that the correction
ratio of the base injection amount Qb, which is obtained
using the feedback operation amount KAF, is less than
or equal to a specified ratio less than the predetermined
ratio δ, and the condition that the fluctuation amount of
the feedback operation amount KAF in a predetermined
period is less than or equal to a predetermined amount.
In this case, the average value of the correction ratio in
the predetermined period is set to be less than or equal
to the predetermined ratio δ.
[0081] Furthermore, the learning values LP, LD do not
necessarily determined to have converged through the
process that uses the feedback operation amount KAF
as an input. For example, the learning values LP, LD may
be determined to have converged when the logical con-
junction is true for the condition that the correction ratio
of the base injection amount Qb, which is obtained using
the output value of the integral element of the feedback
processing section M14, is less than or equal to a spec-
ified ratio that is less than the predetermined ratio δ, and
the condition the fluctuation amount of the output value
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of the integral element in a predetermined period is less
than or equal to a predetermined value. That is, when
the fluctuation amount of the output value of the integral
element is small, the deviation amount from 1 of the out-
put value of the proportional element and the output value
of the differential element becomes small. Thus, if the
logical conjunction is true, the correction ratio of the base
injection amount Qb, which is obtained using the feed-
back operation amount KAF, is considered to be less
than or equal to the predetermined ratio δ.

Regarding Dead Zone

[0082] In the above illustrated embodiment, in the air-
fuel ratio feedback control, in which both the port injection
valve 16 and the direct injection valve 26 are operated,
the region in which the average operation amount KAFa
is greater than or equal to (1 - δ) and less than or equal
to (1 + δ) is a dead zone, in which the learning values
are not updated, but the present invention is not limited
thereto. That is, for example, also in the case where an
affirmative determination is made at step S60 of Fig. 8,
also in the case where steps S62 and S64 are executed
or when the result of the determination at step S80 of
Fig. 9 is affirmative, steps S82 and S84 may be executed.
[0083] The dead zone does not necessarily set during
the air-fuel ratio feedback control that operates both the
port injection valve 16 and the direct injection valve 26.
That is, for example, also in the case where an affirmative
determination is made at step S18 of Fig. 6, steps S24,
S26 may be skipped. Also, in the case where an affirm-
ative determination is made at steps S44, 46 at step S438
in Fig. 7, the steps S44, S46 may be skipped.
[0084] Alternatively, on condition that the correction ra-
tio of the base injection amount Qb is greater than a spec-
ified ratio δL when the injection distribution ratio Kpfi is 1
or 0, the learning values LP and LD may be updated, and
the specified ratio δL may be greater than zero and less
than the predetermined ratio δ.

Regarding Learning prohibited region

[0085] The learning prohibited region AP does not nec-
essarily have to be wider than the learning regions ALi
and ALj adjacent to each other with the learning prohib-
ited region AP therebetween. For example, the learning
prohibited region AP may be wider than the width be-
tween the representative point RPi in the learning region
ALi and the boundary between the learning region ALi
and the learning prohibited region AP or than the width
between the representative point RPj in the learning re-
gion ALj and the boundary between the learning region
ALj and the learning prohibited region AP. In this case,
when the learning values LP, LD in the learning region
ALi are weighted moving average values of the learning
values in the two learning regions ALi, ALj, the value in
the learning region ALi is dominant in the learning values
LP, LD.

Regarding Learning Region

[0086] The regions divided according to the value of
the intake air amount Ga do not necessary have to be
configured to provide a learning prohibited region be-
tween adjacent two regions of different values of the in-
take air amount Ga. For example, two adjacent regions
of different intake air amounts Ga may be adjacent to
each other without a learning prohibited region in be-
tween. In this case, for example, when the magnitude of
(KAFa - 1) is the same, the update gain of the learning
value may be increased as the distance between the in-
take air amount Ga and the representative point RPi is
reduced. For example, the update amount ΔL may be
increased toward the representative point RPi.
[0087] In addition, the learning regions do not neces-
sarily divided based on the intake air amount Ga, but may
be divided based on the coolant temperature of the en-
gine 10 and the intake air amount Ga. The learning re-
gions do not necessarily need to be divided based on the
intake air amount Ga.
[0088] Further, the number of the learning regions
does not necessarily need to be plural.
[0089] The learning region of the port injection learning
value LP and the learning region of the direct injection
learning value LD do not need to be identical.

Reflection of Learning Value on Injection Amount

[0090] In the above illustrated embodiment, when the
actual intake air amount Ga does not coincide with any
of the representative points RP, the learning values LD,
LP used to calculate the command injection amounts
Qp*, Qd* are calculated by the weighted moving average
process of the learning values at each of the two repre-
sentative points RPi, RPj (j = i + 1). However, the present
invention is not limited to this configuration. For example,
if no learning prohibited region is provided as described
in the section of "Regarding Learning Region," the com-
mand injection amounts Qp*, Qd* may be calculated us-
ing, as the learning values LD, LP, the learning values
LD(i), LP(i) corresponding to the current learning region
ALi. However, even in the case where there is a learning
prohibited region, when the intake air amount Ga is in
any one of the learning regions ALi, the command injec-
tion amounts Qp*, Qd* may be calculated by using the
learning values LD(i), LP(i) as the learning values LD, LP
without being changed.

Regarding Update Conditions when 0 < Kpfi < 1

[0091] In the above illustrated embodiment, the direct
injection learning value LD(i) is updated on condition that
the convergence determination flag FP(i) is 1 in the proc-
ess of Fig. 9. However, the present invention is not limited
to this. For example, when the port injection learning val-
ue LP is calculated by the weighted moving average proc-
ess of the port injection learning value LP(i) and the port

23 24 



EP 3 260 691 A1

14

5

10

15

20

25

30

35

40

45

50

55

injection learning value LP(i + 1), the direct injection
learning value LD(i) may be updated on condition that 1
is assigned to the convergence determination flag FP(i
+ 1), in addition to the convergence determination flag
FP(i). Likewise, the port injection learning value LP(i)
does not necessarily need to be updated on condition
that the convergence determination flag FD(i) is 1 in the
process of Fig. 8. For example, when the direct injection
learning value LD is calculated through the weighted
moving average process of the direct injection learning
value LD(i) and the direct injection learning value LD(i +
1), the port injection learning value LP(i) may be updated
on condition that 1 is assigned to the convergence de-
termination flag FD(i + 1) in addition to the convergence
determination flag FD(i). This condition setting is partic-
ularly effective when the learning prohibited region AP is
narrow.
[0092] As described in the section of "Regarding
Learning Region", when the learning region of the port
injection learning value LP and the learning region of the
direct injection learning value LD do not coincide with
each other, for example, when the injection distribution
ratio Kpfi is greater than or equal to the specified value
Kth, and the current intake air amount Ga is in the learning
region ALi of the port injection learning value LP(i), the
following operation is performed. That is, if the current
intake air amount Ga is included in the learning region
of the direct injection learning value LD(j) of the two direct
injection learning values LD(j) and LD(j + 1), which are
used to calculate the command injection amount Qd*,
the condition that the direct injection learning value LD(j)
has converged may be a condition for updating the port
injection learning value LP(i). Further, if neither the learn-
ing region of the direct injection learning value LD(j) nor
the learning region of the direct injection learning value
LD(j + 1) includes the current intake air amount Ga, the
condition that the direct injection learning values LD(j)
and LD(j + 1) both have converged may be a condition
for updating the port injection learning value LP(i).

Regarding Injection Distribution Region

[0093] The setting of the injection distribution ratio Kpfi
is not limited to that shown in Fig. 2. Particularly, the
learning regions AL1, AL2, AL3, ..., do not necessarily
include at least one region in which fuel can be injected
either only from the port injection valve 16, only from the
direct injection valve 26, or both the port injection valve
16 and the direct injection valve 26. For example, in prin-
ciple, no region may be provided in which the above three
injection modes can be selectively performed. Even in
this case, for example, in a region in which fuel injection
is performed either by the direct injection valve 26 or both
the port injection valve 16 and the direct injection valve
26 and in which injection only by the port injection valve
16 is not performed, the port injection learning value LP
may be updated when fuel is injected from both the in-
jection valves 16, 26. Thus, in this region, for example,

if the fuel injection only from the port injection valve 16
needs to be performed when there is an anomaly in the
direct injection valve 26, the controllability of the air-fuel
ratio can be maintained high from the beginning.

Regarding Update Process at Injection Distribution

[0094] In the above-illustrated embodiment, both the
port injection learning value LP and the direct injection
learning value LD can be updated when fuel injection is
performed from both the port injection valve 16 and the
direct injection valve 26. However, the present invention
is not limited to this. For example, only the port injection
learning value LP may be updated. Alternatively, for ex-
ample, only the direct injection learning value LD may be
updated.

Regarding Feedback Processing Section

[0095] Instead of using the sum of the respective out-
put values of the proportional element, the integral ele-
ment, and the differential element as the feedback oper-
ation amount KAF, for example, the sum of the output
values of the proportional element and the integral ele-
ment may be used as the feedback manipulated variable
KAF. Also, for example, the output value of the propor-
tional element may be used as the feedback operation
amount KAF, or the output value of the integral element
may be used as the feedback operation amount KAF.

Regarding Specified Value Kth

[0096] In the above illustrated embodiment, the spec-
ified value Kth is 0.5, but is not limited to this value. For
example, the specified value Kth may be set to a value
greater than or equal to 0.4 and less than 0.5, or value
greater than 0.5 and less than or equal to 0.6. The spec-
ified value Kth does not necessarily need to be a value
between 0.4 and 0.6.

Regarding Condition for Resetting Convergence Deter-
mination

[0097] The condition for resetting the history of deter-
mination of convergence of the learning values LP, LD
is not limited to the condition that the learning values LP,
LD are determined to have not converged or the condition
that the ignition switch 58 has been switched from the
OFF state to the ON state. For example, the condition
for resetting the history of determination of convergence
of the learning values LP, LD may be the condition that
the ignition switch 58 has been switched from the ON
state to the OFF state, in place of the condition that the
ignition switch has been switched from the OFF state to
the ON state.
[0098] In addition, for example, in a hybrid vehicle,
which is equipped with an internal combustion engine
and an electric motor, the condition for resetting the his-
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tory of determination of convergence of the learning val-
ues LP, LD may be the condition that a request for starting
the internal combustion engine is made for the first time
during a period in which the switch for enabling the hybrid
vehicle to travel is ON.
[0099] The present invention is not limited to this. For
example, replacement of the air flowmeter 56 or the port
injection valve 16 may be used as the condition for re-
setting the history of determination of convergence of the
port injection learning values LP. Also, replacement of
the air flowmeter 56 or the direct injection valve 26 may
be used as the condition for resetting the history of de-
termination of convergence of the direct injection learning
values LD. When such a reset condition is provided and
there is a learning region ALi in which, for example, fuel
injection from only the port injection valve 16 is not per-
formed in principle, the following configuration is pre-
ferred. That is, in the process of Fig. 8, when the conver-
gence determination flags FP(i) and FD(i) are both 1, it
is preferable to reset the convergence determination flag
FP(i) by making the correction ratio of the base injection
amount Qb obtained using the average operation amount
KAFa greater than the predetermined ratio δ. Further, in
the case where there is a learning region in which fuel
injection from only the direct injection valve 26 is not per-
formed in principle, the following configuration is desira-
ble. That is, in the process of Fig. 9, when the conver-
gence determination flags FP(i) and FD(i) are both 1, it
is preferable to reset the convergence determination flag
FD(i) by making the correction ratio of the base injection
amount Qb obtained using the average operation amount
KAFa greater than the predetermined ratio δ.

Regarding Open-Loop Processing Section

[0100] For example, instead of directly using the intake
air amount Ga to calculate the base injection amount Qb,
the intake air amount Ga may be used only to correct the
air model at a steady state, and the base injection amount
Qb may be calculated based on the cylinder filling air
amount estimated from the air model. In this case, the
cylinder filling air amount estimated using the air model
is influenced by an error included in the intake air amount
Ga, and the error in the air-fuel ratio control caused by
the error of the intake air amount Ga is compensated by
the learning values LP, LD.

Regarding Control Apparatus

[0101] The control apparatus 40 is not limited to the
apparatus that includes the CPU 42 and the memory 44,
and performs all the above-described processes through
software. For example, the control apparatus may in-
clude dedicated hardware, such as an application spe-
cific integrated circuit (ASIC) that executes at least part
of the various processes, for example, the process of the
average operation amount calculation section M30. That
is, the control apparatus may be circuitry including 1) one

or more dedicated hardware circuits such as an ASIC,
2) one or more processors (microcomputers) that operate
according to a computer program (software), or 3) a com-
bination thereof.

Claims

1. An air-fuel ratio control apparatus (40) for an internal
combustion engine (10), wherein the engine (10) in-
cludes a first injection valve, which is one of a port
injection valve (16) that injects fuel into an intake
passage (12) and a direct injection valve (26) that
injects fuel into a combustion chamber (24), and a
second injection valve, which is the other, the air-
fuel ratio control apparatus (40) comprising:

an open-loop processing section (M12) config-
ured to set a base injection amount (Qb), which
is an open-loop operation amount for controlling
an air-fuel ratio to a target value;
a feedback processing section (M14) configured
to calculate a feedback operation amount (KAF)
for controlling a detection value of the air-fuel
ratio to the target value;
an operation processing section (M26) config-
ured to perform, to supply fuel to the combustion
chamber (24) of the engine (10), at least one of
an operation of the first injection valve based on
the base injection amount (Qb) that has been
corrected using the feedback operation amount
(KAF) and a first learning value, and an opera-
tion of the second injection valve based on the
base injection amount (Qb) that has been cor-
rected using the feedback operation amount
(KAF) and a second learning value;
a first updating section (M32) configured to up-
date the first learning value based on the feed-
back operation amount (KAF) when the opera-
tion processing section (M26) is operating only
the first injection valve;
a first determining section configured to, when
the first updating section (M32) is updating the
first learning value, determine that the first learn-
ing value has converged on condition that a cor-
rection ratio of the base injection amount (Qb),
which is obtained using the feedback operation
amount (KAF), is less than or equal to a prede-
termined ratio; and
a second updating section (M32) configured to
update the second learning value based on the
feedback operation amount (KAF) when the op-
eration processing section (M26) is operating
both the first injection valve and the second in-
jection valve, wherein the second updating sec-
tion (M32) is configured to

update the second learning value on condi-
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tion that the first learning value is deter-
mined to have converged and an injection
distribution ratio, which is a ratio of an injec-
tion amount of the second injection valve to
a total injection amount of the first injection
valve and the second injection valve, is
greater than or equal to a specified value,
and
refrain from updating the second learning
value when the injection distribution ratio is
less than the specified value.

2. The air-fuel ratio control apparatus (40) for an inter-
nal combustion engine (10) according to claim 1,
wherein
the first updating section (M32) is configured to up-
date the first learning value for each of a plurality of
learning regions, which are divided in accordance
with values of an intake air amount of the internal
combustion engine (10),
the operation processing section (M26) is configured
to, when operating both the first injection valve and
the second injection valve, operate the first injection
valve based on the first learning value in a learning
region including the intake air amount at the time, and
when the first injection valve and the second injection
valve are both being operated, the second updating
section (M32) is configured to update the second
learning value in a learning region including the in-
take air amount at the time if conditions are satisfied
that include a condition that the first learning value
in the learning region has converged.

3. The air-fuel ratio control apparatus (40) for an inter-
nal combustion engine (10) according to claim 2,
wherein
a learning prohibited region, in which update of the
first learning value is prohibited, is provided between
two learning regions adjacent to each other in terms
of a magnitude of the intake air amount among the
learning regions,
in each of the learning regions, a representative
point, which represents a value of a specific intake
air amount in the learning region, is defined,
the learning prohibited region is wider than a width
from a boundary between the learning prohibited re-
gion and each of the two learning regions adjacent
to the learning prohibited region to the representative
point in the learning region,
in a case in which the intake air amount is a value
between an adjacent pair of the representative points
when operating both the first injection valve and the
second injection valve, the operation processing
section (M26) is configured to operate the first injec-
tion valve based on a first learning value obtained
through a weighted moving average process of two
first learning values in the two learning regions that
include the adjacent pair of the representative points,

in the weighted moving average process, a weighting
coefficient that corresponds to the representative
point that is closer to the intake air amount at the
time when the first injection valve and the second
injection valve are both being operated is set to be
greater than a weighting coefficient that corresponds
to the representative point that is farther from the
intake air amount, and
in a case in which the first injection valve and the
second injection valve are both being operated, and
one of the two learning regions corresponding to the
two first learning values used in the weighted moving
average process includes the intake air amount at
the time, the second updating section (M32) is con-
figured to update the second learning value in the
one of the learning regions if conditions are satisfied
that include a condition that the first learning value
in at least the one of the learning regions has con-
verged.

4. The air-fuel ratio control apparatus (40) for an inter-
nal combustion engine (10) according to any one of
claims 1 to 3, further comprising a second determin-
ing section configured to, when the second updating
section (M32) is updating the second learning value,
determine that the second learning value has con-
verged on condition that a correction ratio of the base
injection amount (Qb), which is obtained using the
feedback operation amount (KAF), is less than or
equal to the predetermined ratio,
wherein the second updating section (M32) is con-
figured to

update the second learning value based on the
feedback operation amount (KAF) even when
the operation processing section (M26) is oper-
ating only the second injection valve,
when the operation processing section (M26) is
operating only the second injection valve, up-
date the second learning value irrespective of
whether the second learning value is deter-
mined to have converged, and
when the operation processing section (M26) is
operating both the first injection valve and the
second injection valve, refrain from updating the
second learning value if the second learning val-
ue is determined to have converged.

5. An air-fuel ratio control method for an internal com-
bustion engine (10),
wherein the engine (10) includes a first injection
valve, which is one of a port injection valve (16) that
injects fuel into an intake passage (12) and a direct
injection valve (26) that injects fuel into a combustion
chamber (24), and a second injection valve, which
is the other, the air-fuel ratio control method com-
prising:
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setting a base injection amount (Qb), which is
an open-loop operation amount for controlling
an air-fuel ratio to a target value;
calculating a feedback operation amount (KAF)
for controlling a detection value of the air-fuel
ratio to the target value;
performing, to supply fuel to the combustion
chamber (24) of the engine (10), at least one of
an operation of the first injection valve based on
the base injection amount (Qb) that has been
corrected using the feedback operation amount
(KAF) and a first learning value, and an opera-
tion of the second injection valve based on the
base injection amount (Qb) that has been cor-
rected using the feedback operation amount
(KAF) and a second learning value;
updating the first learning value based on the
feedback operation amount (KAF) when only the
first injection valve is being operated;
when the first learning value is being updated,
determining that the first learning value has con-
verged on condition that a correction ratio of the
base injection amount (Qb), which is obtained
using the feedback operation amount (KAF), is
less than or equal to a predetermined ratio; and
when the first injection valve and the second in-
jection valve are both being operated

updating the second learning value based
on the feedback operation amount (KAF) on
condition that the first learning value is de-
termined to have converged and an injec-
tion distribution ratio, which is a ratio of an
injection amount of the second injection
valve to a total injection amount of the first
injection valve and the second injection
valve, is greater than or equal to a specified
value, and
refraining from updating the second learn-
ing value when the injection distribution ra-
tio is less than the specified value.
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