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(54) CONTROL DEVICE FOR INTERNAL COMBUSTION ENGINE AND CONTROL METHOD FOR 
INTERNAL COMBUSTION ENGINE

(57) A control device for an internal combustion en-
gine (100) includes an electronic control unit (200). The
electronic control unit is configured to control an injection
amount and an injection timing of fuel to a target injection
amount and a target injection timing set based on an
engine operation state, detect an ignition timing of fuel
based on a vibration component of an engine body (1)
in a specific frequency bandwidth, and correct at least
one of the target injection amount and the target injection
timing based on a deviation between the detected ignition
timing and a target ignition timing according to the engine
operation state. The specific frequency bandwidth is a
bandwidth on a low frequency side of a frequency band-
width where the engine body undergoes elastic vibration.
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Description

BACKGROUND OF THE INVENTION

1. Field of the Invention

[0001] The present invention relates to a control device
for an internal combustion engine and a control method
for an internal combustion engine.

2. Description of Related Art

[0002] Japanese Unexamined Patent Application Pub-
lication No. 2010-203342 (JP 2010-203342 A) discloses,
as a control device for an internal combustion engine of
the related art, a control device configured to detect an
ignition timing of fuel based on an output value of a knock-
ing sensor subjected to filter processing with a band-pass
filter having a predetermined frequency bandwidth
(about 5 kHz to about 10 kHz) as a bandwidth.

SUMMARY OF THE INVENTION

[0003] However, the output value of the knocking sen-
sor, that is, vibration detected by the knocking sensor
includes vibration (hereinafter, referred to as "combus-
tion vibration") that is generated by combustion and vi-
bration (hereinafter, referred to as "mechanical vibra-
tion") that is generated by a mechanical factor different
from combustion. In the control device disclosed in JP
2010-203342 A, it is not difficult to sufficiently exclude an
influence of the mechanical vibration. For this reason,
there is a case where it is difficult to detect the ignition
timing of fuel with high accuracy.
[0004] The invention provides a control device for an
internal combustion engine and a control method for an
internal combustion engine that detect an ignition timing
of fuel with high accuracy.
[0005] A first aspect of the invention relates to a control
device for an internal combustion engine. The internal
combustion engine includes an engine body, a fuel in-
jection valve configured to inject fuel into a combustion
chamber of the engine body, and a vibration sensor con-
figured to detect vibration of the engine body. The control
device includes an electronic control unit. The electronic
control unit is configured to set a target injection amount
and a target injection timing based on an engine opera-
tion state. The electronic control unit is configured to con-
trol an injection amount and an injection timing of fuel to
be injected from the fuel injection valve to the target in-
jection amount and the target injection timing. The elec-
tronic control unit is configured to detect an ignition timing
of fuel based on a vibration component of the engine
body in a specific frequency bandwidth. The electronic
control unit is configured to correct at least one of the
target injection amount and the target injection timing
based on a deviation between the detected ignition timing
and a target ignition timing according to the engine op-

eration state. The specific frequency bandwidth is a
bandwidth on a low frequency side of a frequency band-
width where the engine body undergoes elastic vibration.
The specific frequency bandwidth is a bandwidth where
a ratio of a combustion vibration component that is gen-
erated when the engine body is subjected to combustion
pressure to vibration components detected by the vibra-
tion sensor becomes equal to or greater than a prede-
termined value.
[0006] In the control device, the specific frequency
bandwidth may be a frequency bandwidth of 0.1 kHz to
1.8 kHz.
[0007] In the control device, the specific frequency
bandwidth may be a frequency bandwidth of 0.2 kHz to
0.8 kHz.
[0008] In the control device, the electronic control unit
may be configured to make the specific frequency band-
width narrower when an engine rotation speed is higher.
[0009] In the control device, the electronic control unit
may be configured to calculate a vibration level of the
engine body based on a vibration component of the en-
gine body in the specific frequency bandwidth. The elec-
tronic control unit may be configured to calculate a me-
chanical vibration level of the engine body based on the
engine operation state. The electronic control unit may
be configured to subtract the mechanical vibration level
from the vibration level to calculate a combustion vibra-
tion level. The electronic control unit may be configured
to detect, as an ignition timing of fuel, a timing at which
the combustion vibration level becomes equal to or great-
er than a predetermined combustion determination
threshold.
[0010] In the control device, the electronic control unit
may be configured to specify, based on a waveform of
the combustion vibration level at each crank angle sim-
plified using a plurality of thresholds, a principal vibration
portion when fuel for generating requested torque is com-
busted. The electronic control unit may be configured to
detect, as an ignition timing of fuel, a timing at which the
combustion vibration level becomes equal to or greater
than the combustion determination threshold in the prin-
cipal vibration portion.
[0011] In the control device, the electronic control unit
may be configured to control the injection amount and
the injection timing of fuel to be injected from the fuel
injection valve such that fuel causes premix charged
compressive ignition in an operation region on a low load
side and fuel causes diffusive combustion in an operation
region on a high load side. The electronic control unit
may be configured to, when fuel is combusted by premix
charged compressive ignition, make the combustion de-
termination threshold smaller than when fuel is combust-
ed by diffusive combustion.
[0012] In the control device, the electronic control unit
may be configured to correct the combustion vibration
level based on a moving average value of the deviation
for a short period and a moving average value of the
deviation for a long period.
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[0013] A second aspect of the invention relates to a
control method for an internal combustion engine. The
internal combustion engine includes an engine body, a
fuel injection valve configured to inject fuel into a com-
bustion chamber of the engine body, and a vibration sen-
sor configured to detect vibration of the engine body. The
control method includes: setting, by an electronic control
unit, a target injection amount and a target injection timing
based on an engine operation state; controlling, by the
electronic control unit, an injection amount and an injec-
tion timing of fuel to be injected from the fuel injection
valve to the target injection amount and the target injec-
tion timing, respectively; detecting, by the electronic con-
trol unit, an ignition timing of fuel based on a vibration
component of the engine body in a specific frequency
bandwidth; and correcting, by the electronic control unit,
at least one of the target injection amount and the target
injection timing based on a deviation between the detect-
ed ignition timing and a target ignition timing according
to the engine operation state. The specific frequency
bandwidth is a bandwidth on a low frequency side of a
frequency bandwidth where the engine body undergoes
elastic vibration. The specific frequency bandwidth is a
bandwidth where a ratio of a combustion vibration com-
ponent that is generated when the engine body is sub-
jected to combustion pressure to vibration components
detected by the vibration sensor becomes equal to or
greater than a predetermined value.
[0014] According to the aspects of the invention, it is
possible to detect an ignition timing of fuel with high ac-
curacy.

BRIEF DESCRIPTION OF THE DRAWINGS

[0015] Features, advantages, and technical and indus-
trial significance of exemplary embodiments of the inven-
tion will be described below with reference to the accom-
panying drawings, in which like numerals denote like el-
ements, and wherein:

FIG. 1 is a schematic configuration diagram of an
internal combustion engine and an electronic control
unit configured to control the internal combustion en-
gine according to a first embodiment of the invention;
FIG. 2 is a graph comparing a vibration level of an
engine body at each frequency calculated by sub-
jecting an output value of a knocking sensor to 1/3
octave band processing during motoring and during
a steady operation;
FIG. 3 is a flowchart illustrating detection control of
an ignition timing according to the first embodiment
of the invention;
FIG. 4A is a graph showing the relationship between
a detected vibration level when a specific frequency
bandwidth is set to a frequency bandwidth of 0.2 kHz
to 0.8 kHz and in-cylinder pressure;
FIG. 4B is a graph showing the relationship between
a detected vibration level when the specific frequen-

cy bandwidth is set to a frequency bandwidth of 0.1
kHz to 1.8 kHz and in-cylinder pressure;
FIG. 4C is a graph showing the relationship between
a detected vibration level when the specific frequen-
cy bandwidth is set to a frequency bandwidth of 1.0
kHz to 3.0 kHz and in-cylinder pressure as a com-
parative example;
FIG. 5 is a flowchart illustrating fuel injection control
according to the first embodiment of the invention;
FIG. 6 is a graph comparing a mechanical vibration
level in a frequency bandwidth of about 1.8 kHz or
less when an engine rotation speed is low and when
the engine rotation speed is high;
FIG. 7 is a flowchart illustrating detection control of
an ignition timing according to a second embodiment
of the invention;
FIG. 8A is a graph showing a combustion vibration
waveform obtained when multi-stage injection is car-
ried out to make fuel be combusted by diffusive com-
bustion in a certain engine operation state;
FIG. 8B is a graph showing a combustion vibration
waveform subjected to simplification processing us-
ing three thresholds of a first threshold to a third
threshold shown in FIG. 8A;
FIG. 9 is a flowchart illustrating detection control of
an ignition timing according to a third embodiment
of the invention;
FIG. 10 is a graph showing an operation region of
an engine body;
FIG. 11 is a graph comparing a combustion vibration
waveform in a certain engine operation state during
a DC mode and during a PCCI mode;
FIG. 12 is a flowchart illustrating detection control of
an ignition timing according to a fourth embodiment
of the invention;
FIG. 13A is a graph showing a combustion vibration
waveform during diffusive combustion in a certain
engine operation state;
FIG. 13B is a graph showing a combustion vibration
waveform during premix charged compressive igni-
tion in a certain engine operation state;
FIG. 14 is a flowchart illustrating detection control of
an ignition timing according to a fifth embodiment of
the invention;
FIG. 15A is a graph comparing a combustion vibra-
tion waveform in a certain engine operation state dur-
ing diffusive combustion and during premix charged
compressive ignition;
FIG. 15B is a graph showing a combustion vibration
waveform during diffusive combustion subjected to
simplification processing using three thresholds of a
first threshold to a third threshold shown in FIG. 15A;
FIG. 15C is a graph showing a combustion vibration
waveform during premix charged compressive igni-
tion subjected to simplification processing using the
three thresholds of the first threshold to the third
threshold shown in FIG. 15A;
FIG. 16 is a flowchart illustrating detection control of
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an ignition timing according to a sixth embodiment
of the invention;
FIG. 17 is a flowchart illustrating detection control of
an ignition timing according to a seventh embodi-
ment of the invention; and
FIG. 18 is a flowchart illustrating correction value cal-
culation processing.

DETAILED DESCRIPTION OF EMBODIMENTS

[0016] Hereinafter, respective embodiments of the in-
vention will be described in detail referring to the draw-
ings. In the following description, the same constituent
elements are represented by the same reference numer-
als.

First Embodiment

[0017] FIG. 1 is a schematic configuration of an internal
combustion engine 100 and an electronic control unit 200
configured to control the internal combustion engine 100
according to a first embodiment of the invention.
[0018] As shown in FIG. 1, the internal combustion en-
gine 100 includes an engine body 1 having a plurality of
cylinders 10, a fuel supply device 2, an intake device 3,
an exhaust device 4, an intake valve operating device 5,
and an exhaust valve operating device 6.
[0019] The engine body 1 makes fuel be combusted
by self-ignition combustion inside a combustion chamber
formed in each cylinder 10, for example, to generate pow-
er for driving a vehicle or the like. In the engine body 1,
a pair of intake valves 50 and a pair of exhaust valves
60 are provided for each cylinder. A knocking sensor 210
that detects vibration of the engine body 1 is attached to
the engine body 1. The knocking sensor 210 is a kind of
vibration sensor (acceleration sensor) including a piezo-
electric element, and outputs a voltage value according
to vibration of the engine body 1.
[0020] The fuel supply device 2 includes an electronic
control type fuel injection valve 20, a delivery pipe 21, a
supply pump 22, a fuel tank 23, a pumping pipe 24, and
a fuel pressure sensor 211.
[0021] The single fuel injection valve 20 is provided in
each cylinder 10 to face the combustion chamber of each
cylinder 10 such that fuel can be injected directly into the
combustion chamber. A valve opening time (injection
amount) and a valve opening timing (injection timing) of
the fuel injection valve 20 are changed by a control signal
from the electronic control unit 200, and when the fuel
injection valve 20 is opened, fuel is injected directly from
the fuel injection valve 20 into the combustion chamber.
[0022] The delivery pipe 21 is connected to the fuel
tank 23 through the pumping pipe 24. In the middle of
the pumping pipe 24, the supply pump 22 that pressurizes
fuel stored in the fuel tank 23 and supplies fuel to the
delivery pipe 21 is provided. The delivery pipe 21 tem-
porarily stores high pressure fuel pumped from the supply
pump 22. When the fuel injection valve 20 is opened,

high pressure fuel stored in the delivery pipe 21 is injected
directly from the fuel injection valve 20 into the combus-
tion chamber.
[0023] The supply pump 22 is configured to be able to
change an ejection amount, and the ejection amount of
the supply pump 22 is changed according to a control
signal from the electronic control unit 200. With the con-
trol of the ejection amount of the supply pump 22, fuel
pressure inside the delivery pipe 21, that is, injection
pressure of the fuel injection valve 20 is controlled.
[0024] The fuel pressure sensor 211 is provided in the
delivery pipe 21. The fuel pressure sensor 211 detects
fuel pressure inside the delivery pipe 21, that is, pressure
(injection pressure) of fuel to be injected from each fuel
injection valve 20 into each cylinder 10.
[0025] The intake device 3 is a device that guides in-
take air into the combustion chamber, and is configured
to be able to change a state (intake pressure (super-
charging pressure), intake temperature, amount of ex-
haust gas recirculation (EGR) gas) of intake air to be
sucked into the combustion chamber. The intake device
3 includes an intake pipe 30 and an intake manifold 31
to be an intake passage, and an EGR passage 32.
[0026] The intake pipe 30 has a first end connected to
an air cleaner 34, and a second end connected to an
intake collector 31a of the intake manifold 31. In the intake
pipe 30, an air flowmeter 212, a compressor 71 of an
exhaust turbocharger 7, an intercooler 35, and a throttle
valve 36 are provided in order from an upstream side.
[0027] The air flowmeter 212 detects a flow rate of air
that flows inside the intake pipe 30 and is finally sucked
into the cylinder 10.
[0028] The compressor 71 includes a compressor
housing 71a and a compressor wheel 71b disposed in-
side the compressor housing 71a. The compressor wheel
71b is rotationally driven by a turbine wheel 72b of the
exhaust turbocharger 7 attached on the same shaft, and
compresses and ejects intake air flowing inside the com-
pressor housing 71a. In a turbine 72 of the exhaust tur-
bocharger 7, a variable nozzle 72c that controls a rotation
speed of the turbine wheel 72b is provided. With the con-
trol of the rotation speed of the turbine wheel 72b by the
variable nozzle 72c, pressure (supercharging pressure)
of intake air to be sucked from the inside of the compres-
sor housing 71a is controlled.
[0029] The intercooler 35 is a heat exchanger that
cools intake air having been compressed by the com-
pressor 71 and having reached a high temperature using,
for example, traveling air, a coolant, or the like.
[0030] The throttle valve 36 changes a passage cross-
sectional area of the intake pipe 30, thereby adjusting
the amount of intake air to be introduced into the intake
manifold 31. The throttle valve 36 is driven to be opened
and closed by a throttle actuator 36a, and an opening
degree (throttle opening degree) of the throttle valve 36
is detected by a throttle sensor 213.
[0031] The intake manifold 31 is connected to an intake
port 14 formed in the engine body 1 and evenly distributes
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intake air flowing from the intake pipe 30 to each cylinder
10 through the intake port 14. In the intake collector 31a
of the intake manifold 31, an intake pressure sensor 214
that detects pressure (intake pressure) of intake air to be
sucked into the cylinder, and an intake temperature sen-
sor 215 that detects a temperature (intake temperature)
of intake air to be sucked into the cylinder are provided.
[0032] The EGR passage 32 is a passage that com-
municates with an exhaust manifold 41 and the intake
collector 31a of the intake manifold 31, and returns a part
of exhaust gas discharged from each cylinder 10 to the
intake collector 31a using a pressure difference. Herein-
after, exhaust gas flowing into the EGR passage 32 is
referred to as "EGR gas", and a ratio of an amount of
EGR gas to an amount of gas in the cylinder, that is, a
recirculation rate of exhaust gas is referred to as an "EGR
rate". EGR gas is recirculated to the intake collector 31a
and in turn each cylinder 10, whereby it is possible to
reduce a combustion temperature and to suppress dis-
charge of nitrogen oxide (NOx). In the EGR passage 32,
an EGR cooler 37 and an EGR valve 38 are provided in
order from an upstream side.
[0033] The EGR cooler 37 is a heat exchanger that
cools EGR gas using, for example, traveling air, a cool-
ant, or the like.
[0034] The EGR valve 38 is an electromagnetic valve
in which an opening degree is adjustable in a continuous
or stepwise manner, and the opening degree of the EGR
valve 38 is controlled by the electronic control unit 200
according to an engine operation state. With the control
of the opening degree of the EGR valve 38, a flow rate
of EGR gas to be recirculated to the intake collector 31a
is adjusted.
[0035] The exhaust device 4 is a device that discharg-
es exhaust gas from the inside of the cylinder, and in-
cludes an exhaust manifold 41 and an exhaust passage
42.
[0036] The exhaust manifold 41 is connected to an ex-
haust port 15 formed in the engine body 1. The exhaust
manifold 41 gathers exhaust gas discharged from each
cylinder 10 and introduces exhaust gas into the exhaust
passage 42.
[0037] In the exhaust passage 42, the turbine 72 of the
exhaust turbocharger 7 and exhaust post-treatment de-
vice 43 are provided in order from an upstream side.
[0038] The turbine 72 includes a turbine housing 72a
and the turbine wheel 72b disposed in the turbine housing
72a. The turbine wheel 72b is rotationally driven by en-
ergy of exhaust gas flowing into the turbine housing 72a
and drives the compressor wheel 71b attached on the
same shaft.
[0039] Outside the turbine wheel 72b, the above-de-
scribed variable nozzle 72c is provided. The variable noz-
zle 72c functions as a throttle valve, and a nozzle opening
degree (valve opening degree) of the variable nozzle 72c
is controlled by the electronic control unit 200. The nozzle
opening degree of the variable nozzle 72c is changed,
whereby it is possible to change a flow velocity of exhaust

gas driving the turbine wheel 72b inside the turbine hous-
ing 72a. That is, the nozzle opening degree of the variable
nozzle 72c is changed, whereby it is possible to change
the rotation speed of the turbine wheel 72b to change
supercharging pressure. Specifically, when the nozzle
opening degree of the variable nozzle 72c is made small
(the variable nozzle 72c is throttled), the flow velocity of
exhaust gas increases to increase the rotation speed of
the turbine wheel 72b, and supercharging pressure in-
creases.
[0040] The exhaust post-treatment device 43 is a de-
vice that controls exhaust gas and discharges exhaust
gas to outside air, and includes various exhaust gas con-
trol catalysts that control harmful substances, a filter that
traps harmful substances, and the like.
[0041] The intake valve operating device 5 is a device
that drives an intake valve 50 of each cylinder 10 to be
opened and closed, and is provided in the engine body
1. The intake valve operating device 5 according to the
first embodiment is configured to drive the intake valve
50 to be opened and closed by, for example, an electro-
magnetic actuator such that an opening and closing tim-
ing of the intake valve 50 can be controlled. However,
the invention is not limited thereto. The intake valve 50
may be configured to be driven to be opened and closed
by an intake camshaft, and a variable valve operating
mechanism that changes a relative phase angle of the
intake camshaft with respect to a crankshaft through hy-
draulic control may be provided in one end portion of the
intake camshaft, thereby allowing the opening and clos-
ing timing of the intake valve 50 to be controlled.
[0042] The exhaust valve operating device 6 is a de-
vice that drives an exhaust valve 60 of each cylinder 10
to be opened and closed, and is provided in the engine
body 1. The exhaust valve operating device 6 according
to the first embodiment is configured to drive the exhaust
valve 60 to be opened and closed by, for example, an
electromagnetic actuator such that an opening and clos-
ing timing of the exhaust valve 60 can be controlled. How-
ever, the invention is not limited thereto. The exhaust
valve 60 may be configured to be driven to be opened
and closed by an exhaust camshaft, and a variable valve
operating mechanism that changes a relative phase an-
gle of the exhaust camshaft with respect to the crankshaft
through hydraulic control may be provided in one end
portion of the exhaust camshaft, thereby allowing the
opening and closing timing of the exhaust valve 60 to be
controlled. For example, a cam profile may be changed
by hydraulic pressure or the like, thereby allowing the
opening and closing timing or a lift amount of the exhaust
valve 60 to be changed.
[0043] The electronic control unit 200 is constituted of
a digital computer, and includes a read only memory
(ROM) 202, a random access memory (RAM) 203, a cen-
tral processing unit (CPU) (microprocessor) 204, an input
port 205, and an output port 206 connected to one an-
other by a bidirectional bus 201.
[0044] An output signal of the above-described fuel
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pressure sensor 211 or the like is input to the input port
205 through each corresponding analog-digital (AD) con-
verter 207. An output signal of a load sensor 217 that
generates an output voltage proportional to a depression
amount of an accelerator pedal 220 is input as a signal
for detecting an engine load to the input port 205 through
the corresponding AD converter 207. An output signal of
a crank angle sensor 218 that generates an output pulse
each time the crankshaft of the engine body 1 rotates by,
for example, 15°, is input as a signal for calculating the
engine rotation speed or the like to the input port 205. As
described above, the output signals of various sensors
needed for controlling the internal combustion engine
100 are input to the input port 205.
[0045] The output port 206 is connected to each control
component of the fuel injection valve 20 or the like
through a corresponding drive circuit 208.
[0046] The electronic control unit 200 outputs a control
signal for controlling each control component from the
output port 206 based on the output signals of various
sensors input to the input port 205 to control the internal
combustion engine 100. Hereinafter, control of the inter-
nal combustion engine 100 in the electronic control unit
200 according to the first embodiment will be described.
[0047] The electronic control unit 200 performs control
of the fuel injection valve 20 based on the engine oper-
ation state (engine rotation speed and engine load) such
that an ignition timing of fuel becomes a target ignition
timing.
[0048] In the first embodiment, the electronic control
unit 200 sets an injection amount and an injection timing
of fuel to be injected from the fuel injection valve 20 to a
target injection amount and a target injection timing set
according to the engine operation state such that fuel is
combusted by diffusive combustion in all operation re-
gion. Specifically, the electronic control unit 200 carries
out multi-stage injection (in the first embodiment, pilot
injection, main injection, and after injection) and controls
the injection amount and the injection timing of fuel to be
injected from the fuel injection valve 20 such that fuel
injected into the combustion chamber by the main injec-
tion is combusted with a short ignition delay time (a time
until fuel injected into the combustion chamber reaches
self-ignition) without substantial delay after fuel injection.
[0049] Here, when the ignition timing is deviated from
the target ignition timing, exhaust gas emission may be
deteriorated or the output of the engine body 1 may be
lowered to cause fluctuation in torque. For this reason,
when the ignition timing of fuel is detected, and there is
a deviation equal to or greater than a predetermined val-
ue between the detected ignition timing and the target
ignition timing, in order to correct the deviation, it is de-
sirable to correct at least one of the target injection
amount and the target injection timing of fuel to be inject-
ed from the fuel injection valve 20.
[0050] As a method of detecting the ignition timing, for
example, a method that attaches an in-cylinder pressure
sensor to the engine body 1 and detects the ignition tim-

ing based on an output value of the in-cylinder pressure
sensor is exemplified. According to the method, since
fluctuation in pressure inside each cylinder can be direct-
ly detected by the in-cylinder pressure sensor, it is pos-
sible to detect the ignition timing with high accuracy. How-
ever, since the in-cylinder pressure sensors correspond-
ing to the number of cylinders are needed and the unit
price of the in-cylinder pressure sensor itself is high, cost
increases.
[0051] When the ignition timing can be detected based
on an output value of the knocking sensor 210 with high
accuracy, since the knocking sensor 210 is low in unit
price and a minimum of one knocking sensor 210 may
be attached to the engine body 1, it is possible to sup-
press an increase in cost.
[0052] However, the output value of the knocking sen-
sor 210, that is, vibration to be detected by the knocking
sensor 210 includes combustion vibration that is gener-
ated when the engine body 1 is subjected to combustion
pressure, and mechanical vibration that is generated by
a mechanical factor different from the combustion vibra-
tion. The mechanical vibration is vibration that is indis-
pensably generated when the crankshaft is rotated re-
gardless of the presence or absence of combustion, and
is, for example, vibration that is generated when the en-
gine body 1 is subjected to external force from a piston
or the like, vibration (vibration generated from a timing
chain, or the like) accompanied with a rotation order.
[0053] Accordingly, the mechanical vibration is indis-
pensably included as noise in the output value of the
knocking sensor 210, and a vibration level (hereinafter,
referred to as a "detected vibration level") [dB] of the en-
gine body 1 that is calculated by subjecting the output
value of the knocking sensor 210 to various kinds of
processing can be considered as a level obtained by add-
ing a combustion vibration level due to the combustion
vibration to a mechanical vibration level due to the me-
chanical vibration.
[0054] For example, in detecting the ignition timing
based on the output value of the knocking sensor 210
with high accuracy, there is a need to exclude the influ-
ence of the mechanical vibration to be noise from the
output value of the knocking sensor 210 as much as pos-
sible. The inventors have studied in order to exclude the
influence of the mechanical vibration from the output val-
ue of the knocking sensor 210, and have found that there
is a frequency bandwidth where the mechanical vibration
is reduced.
[0055] FIG. 2 is a graph comparing an vibration level
(detected vibration level) of the engine body 1 at each
frequency calculated by subjecting the output value of
the knocking sensor 210 to 1/3 octave band processing
during motoring (a state in which the crankshaft is rotating
without carrying out combustion) and during a steady op-
eration in which the engine body 1 is operating with given
output torque (80 Nm and 140 Nm). In FIG. 2, the detect-
ed vibration level during motoring is an example of the
mechanical vibration level, and the detected vibration lev-
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el during the steady operation is an example of the level
obtained by adding the combustion vibration level to the
mechanical vibration level.
[0056] As shown in FIG. 2, the vibration level during
motoring, that is, the mechanical vibration level takes a
maximum value D1 in a frequency bandwidth of about
0.1 kHz or less, and takes a minimum value D2 in a fre-
quency bandwidth of about 0.2 kHz to about 0.8 kHz to
be smaller than the maximum value D1. As described
above, in the example shown in FIG. 2, it is understood
that the mechanical vibration level is lower in the frequen-
cy bandwidth of about 0.2 kHz to 0.8 kHz than in other
frequency bandwidths.
[0057] Then, in the example shown in FIG. 2, vibration
in the frequency bandwidth of about 0.1 kHz or less is
vibration that is generated when the engine body 1 un-
dergoes rigid body vibration, and vibration in a frequency
bandwidth of about 0.1 kHz or more is vibration that is
generated when the engine body 1 undergoes elastic
vibration. The rigid body vibration is vibration that is gen-
erated when the shape of the engine body 1 is not
changed and the engine body 1 is displaced while main-
taining the shape. The elastic vibration is vibration that
is generated when the shape of the engine body 1 is
changed.
[0058] Accordingly, it can be considered that the me-
chanical vibration level takes the maximum value D1 in
a frequency bandwidth (hereinafter, referred to as a "rigid
body frequency bandwidth") where the engine body 1
undergoes the rigid body vibration, is lower than the max-
imum value D1 once in a bandwidth on a low frequency
side of a frequency bandwidth (hereinafter, referred to
as an "elastic frequency bandwidth") where the engine
body 1 undergoes elastic vibration, and becomes greater
than the maximum value D1 in a bandwidth on a high
frequency side of the elastic frequency bandwidth.
[0059] As shown in FIG. 2, it is understood that, unlike
the vibration level during motoring, the vibration level (=
mechanical vibration level + combustion vibration level)
during the steady operation does not have a frequency
bandwidth where the vibration level is clearly lowered,
and takes a value comparatively higher than the vibration
level during motoring in a frequency bandwidth of about
0.1 kHz to about 1.8 kHz.
[0060] Accordingly, it can be considered that the fre-
quency bandwidth of about 0.1 kHz to about 1.8 kHz, and
in particular, the frequency bandwidth of about 0.2 kHz
to about 0.8 kHz is a frequency bandwidth where a ratio
of the mechanical vibration level to the vibration level
during the steady operation becomes smaller than a ratio
of the combustion vibration level compared to other fre-
quency bandwidths.
[0061] That is, it can be considered that the frequency
bandwidth of about 0.1 kHz to about 1.8 kHz, and in par-
ticular, the frequency bandwidth of about 0.2 kHz to about
0.8 kHz is a frequency bandwidth where a ratio of the
combustion vibration level to the detected vibration level
becomes equal to or greater than a predetermined value,

and a frequency bandwidth where the influence of the
mechanical vibration is reduced compared to other fre-
quency bandwidths.
[0062] In the first embodiment, the ignition timing is
detected based on the output value of the knocking sen-
sor 210 subjected to filter processing using a band-pass
filter having, as a bandwidth, the frequency bandwidth
(hereinafter, referred to as a "specific frequency band-
width") where the influence of the mechanical vibration
is reduced. Hereinafter, detection control of the ignition
timing and fuel injection control according to the first em-
bodiment will be described.
[0063] FIG. 3 is a flowchart illustrating detection control
of the ignition timing according to the first embodiment.
[0064] In Step S1, the electronic control unit 200 reads
the engine rotation speed calculated based on the output
value of the knocking sensor 210 and the output signal
of the crank angle sensor 218.
[0065] In Step S2, the electronic control unit 200 sub-
jects the output value of the knocking sensor 210 to filter
processing using a band-pass filter having the specific
frequency bandwidth as a bandwidth, and calculates a
vibration waveform obtained by extracting a vibration
component at each crank angle of the specific frequency
bandwidth. In the first embodiment, the specific frequen-
cy bandwidth is set to a frequency bandwidth of 0.2 kHz
to 0.8 kHz.
[0066] In Step S3, the electronic control unit 200 sub-
jects the vibration waveform calculated in Step S2 to en-
velope processing to calculate the magnitude of ampli-
tude of the vibration waveform at each crank angle, that
is, the detected vibration level at each crank angle. In the
first embodiment, since the specific frequency bandwidth
is set to the frequency bandwidth of 0.2 kHz to 0.8 kHz,
a reference frequency during the envelope processing is
set to about 0.4 kHz to about 0.5 kHz to be the center of
the specific frequency bandwidth.
[0067] In Step S4, the electronic control unit 200 refers
to a map in which the engine rotation speed is associated
with the mechanical vibration level at each crank angle,
and calculates the mechanical vibration level at each
crank angle based on the engine rotation speed. As de-
scribed above, the mechanical vibration is vibration that
is indispensably generated when the crankshaft is rotat-
ed regardless of the presence or absence of combustion.
For this reason, when the mechanical vibration level at
each crank angle for each engine rotation speed is cal-
culated by an experiment or the like in advance, it is pos-
sible to create a map in which the engine rotation speed
is associated with the mechanical vibration level at each
crank angle. The mechanical vibration level is an exam-
ple of the detected vibration level during motoring as de-
scribed above, and the map may be corrected based on
the detected vibration level during fuel cut.
[0068] In Step S5, the electronic control unit 200 sub-
tracts the mechanical vibration level from the detected
vibration level to calculate the combustion vibration level
and calculates a waveform (hereinafter, referred to as a
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"combustion vibration waveform") of the combustion vi-
bration level at each crank angle.
[0069] In Step S6, the electronic control unit 200 refers
to the combustion vibration waveform and detects, as
the ignition timing, a crank angle at which the combustion
vibration level becomes equal to or greater than a pre-
determined combustion determination threshold.
[0070] As in the first embodiment, when the multi-stage
injection is carried out and fuel is combusted, while there
is a need to detect a combustion timing of main injection
fuel for generating requested torque as the ignition tim-
ing, the combustion vibration level is high even at a com-
bustion timing of pilot injection fuel or at a combustion
timing of after injection fuel. For this reason, when the
multi-stage injection is carried out, it is desirable to set
the combustion determination threshold to be higher than
the combustion vibration level at the time of combustion
of pilot injection fuel or at the time of combustion of after
injection fuel.
[0071] FIG. 4A is a graph showing the relationship be-
tween the detected vibration level when the specific fre-
quency bandwidth is set to the frequency bandwidth of
0.2 kHz to 0.8 kHz and the in-cylinder pressure. FIG. 4B
is a graph showing the relationship between the detected
vibration level when the specific frequency bandwidth is
set to the frequency bandwidth of 0.1 kHz to 1.8 kHz and
the in-cylinder pressure. FIG. 4C is a graph showing the
relationship between the detected vibration level when
the specific frequency bandwidth is set to a frequency
bandwidth of 1.0 kHz to 3.0 kHz and the in-cylinder pres-
sure as a comparative example.
[0072] As shown in FIG. 4A, when the specific frequen-
cy bandwidth is set to the frequency bandwidth of 0.2
kHz to 0.8 kHz, the detected vibration level is higher than
the combustion determination threshold corresponding
to combustion (an increase in in-cylinder pressure) of
main injection fuel. It is understood that the detected vi-
bration level is lower than the combustion determination
threshold at other timings.
[0073] As shown in FIG. 4B, when the specific frequen-
cy bandwidth is set to the frequency bandwidth of 0.1
kHz to 1.8 kHz, while noise is increased more than when
the specific frequency bandwidth is set to the frequency
bandwidth of 0.2 kHz to 0.8 kHz, the detected vibration
level is higher than the combustion determination thresh-
old corresponding to combustion of main injection fuel.
It is understood that the detected vibration level is lower
than the combustion determination threshold at other tim-
ings.
[0074] As shown in FIG. 4C, when the specific frequen-
cy bandwidth is set to the frequency bandwidth of 1.0
kHz to 3.0 kHz, it is understood that noise is increased,
and the detected vibration level is higher than the com-
bustion determination threshold even at a timing other
than the combustion timing of main injection fuel. For this
reason, a timing other than the combustion timing of main
injection fuel may be erroneously detected as the ignition
timing.

[0075] As described above, according to the first em-
bodiment, the detected vibration level is calculated based
on the output value of the knocking sensor 210 subjected
to the filter processing using the band-pass filter having
the specific frequency bandwidth as a bandwidth, where-
by it is possible to make the ratio of the mechanical vi-
bration level to the detected vibration level small, and
conversely, to make the ratio of the combustion vibration
level large. For this reason, since it is possible to detect
a combustion vibration component included in vibration
detected by the knocking sensor 210 with high accuracy,
it is possible to detect the ignition timing of fuel with high
accuracy.
[0076] As in the first embodiment, when the detected
vibration level at each crank angle is calculated by sub-
jecting the output value of the knocking sensor 210 to
the filter processing using the band-pass filter having the
specific frequency bandwidth as a bandwidth, a detection
delay (a delay until the combustion vibration is detected)
due to the filter processing occurs. The detection delay
due to the filter processing basically has a fixed value
determined in advance according to the structure, mate-
rial, or the like of the engine body 1.
[0077] Accordingly, when the detection delay due to
the filter processing described above is not negligible on
the detection accuracy of the ignition timing, a timing ob-
tained by subtracting a crank angle corresponding to the
detection delay due to the filter processing from the ig-
nition timing detected in Step S6 of the flowchart of FIG.
3 described above may be employed as the ignition tim-
ing.
[0078] FIG. 5 is a flowchart illustrating the fuel injection
control according to the first embodiment.
[0079] In Step S11, the electronic control unit 200
reads the engine load detected by the load sensor 217
and the engine rotation speed calculated based on the
output signal of the crank angle sensor 218, and detects
the engine operation state.
[0080] In Step S12, the electronic control unit 200 re-
fers the map created in advance and calculates the target
injection amount and the target injection timing of fuel to
be injected from the fuel injection valve 20 based on the
engine operation state.
[0081] In Step S13, the electronic control unit 200
reads the ignition timing detected through the detection
control of the ignition timing in a previous combustion
cycle and calculates a deviation between the detected
ignition timing and the target ignition timing set in advance
according to the engine operation state as an ignition
timing deviation ΔC.
[0082] In Step S14, the electronic control unit 200 de-
termines whether or not an absolute value of the ignition
timing deviation ΔC is less than a predetermined devia-
tion. When the absolute value of the ignition timing devi-
ation ΔC is less than the predetermined deviation, the
electronic control unit 200 progresses to processing of
Step S15. When the absolute value of the ignition timing
deviation ΔC is equal to or greater than the predetermined
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deviation, the electronic control unit 200 progresses to
processing of Step S16.
[0083] In Step S15, the electronic control unit 200 per-
forms control such that the fuel supply device injects fuel
of the target injection amount from the fuel injection valve
20 at the target injection timing.
[0084] In Step S16, the electronic control unit 200 cor-
rects at least one of the target injection amount and the
target injection timing such that the detected ignition tim-
ing becomes the target ignition timing. In the first embod-
iment, when the ignition timing deviation ΔC has a posi-
tive value, that is, when the detected ignition timing is
delayed later than the target ignition timing, the electronic
control unit 200 corrects the target injection timing to an
advance side such that the detected ignition timing be-
comes the target ignition timing. When the ignition timing
deviation ΔC has a negative value, that is, when the de-
tected ignition timing is advanced more than the target
ignition timing, the electronic control unit 200 corrects the
target injection timing to a delay side such that the de-
tected ignition timing becomes the target ignition timing.
[0085] According to the first embodiment described
above, the electronic control unit 200 (control device) that
controls the internal combustion engine 100 including the
engine body 1, the fuel injection valve 20 configured to
inject fuel into the combustion chamber of the engine
body 1, and the knocking sensor 210 (vibration sensor)
configured to detect vibration of the engine body 1 in-
cludes a fuel injection controller configured to control the
injection amount and the injection timing of fuel to be
injected from the fuel injection valve 20 to the target in-
jection amount and the target injection timing set based
on the engine operation state, and an ignition timing de-
tection unit configured to detect the ignition timing of fuel
based on the vibration component of the engine body 1
in the specific frequency bandwidth.
[0086] Then, the fuel injection controller is configured
to correct at least one of the target injection amount and
the target injection timing based on the ignition timing
deviation ΔC between the ignition timing detected by the
ignition timing detection unit and the target ignition timing
according to the engine operation state. The specific fre-
quency bandwidth is the bandwidth on the low frequency
side of the frequency bandwidth where the engine body
1 undergoes the elastic vibration and the ratio of the com-
bustion vibration component that is generated when the
engine body 1 is subjected to combustion pressure to
the vibration components detected by the knocking sen-
sor 210 becomes equal to or greater than the predeter-
mined value. Specifically, the specific frequency band-
width is the frequency bandwidth of 0.1 kHz to 1.8 kHz,
and preferably, the frequency bandwidth of 0.2 kHz to
0.8 kHz.
[0087] As described above, the ignition timing of fuel
is detected based on the vibration component of the en-
gine body 1 in the bandwidth where the ratio of the com-
bustion vibration component that is generated when the
engine body 1 is subjected to combustion pressure be-

comes equal to or greater than the predetermined value,
whereby it is possible to detect the combustion vibration
component included in the vibration detected by the
knocking sensor 210 with high accuracy. For this reason,
it is possible to detect the ignition timing of fuel with high
accuracy.

Second Embodiment

[0088] A second embodiment of the invention will be
described. The second embodiment is different from the
first embodiment in that the bandwidth of the band-pass
filter, that is, the specific frequency bandwidth is changed
according to the engine rotation speed.
[0089] FIG. 6 is a graph comparing a mechanical vi-
bration level in a frequency bandwidth of about 1.8 kHz
or less when the engine rotation speed is low and when
the engine rotation speed is high.
[0090] In the above-described first embodiment, the
frequency bandwidth of about 0.1 kHz or less is set as
the rigid body frequency bandwidth where the engine
body 1 undergoes the rigid body vibration, and the fre-
quency bandwidth of about 0.1 kHz to about 1.8 kHz of
the elastic frequency bandwidth of about 0.1 kHz or more
is set as the specific frequency bandwidth.
[0091] However, since the rigid body vibration primarily
depends on vibration due to a component of a reciprocal
rotation system, such as a piston, vibration of a rotational
first order component, or the like, the rigid body frequency
bandwidth is changed according to the engine rotation
speed. Specifically, when the engine rotation speed is
higher, the rigid body frequency bandwidth tends to be
more expanded to a high frequency side.
[0092] For this reason, as shown in FIG. 6, when the
engine rotation speed is high, a frequency at which the
maximum value D1 is taken in the rigid body frequency
bandwidth tends to be a frequency on a high frequency
side. For this reason, a lower limit frequency (in the
above-described first embodiment, about 0.2 kHz) of the
specific frequency bandwidth tends to increase, and an
upper limit frequency (in the above-described first em-
bodiment, about 0.8 kHz) of the specific frequency band-
width tends to decrease. As a result, a frequency band-
width (in the above-described first embodiment, a fre-
quency bandwidth of about 0.2 kHz to about 0.8 kHz)
where the mechanical vibration level is particularly small
tends to be made narrow, and a frequency bandwidth
where the influence of the mechanical vibration is re-
duced tends to be made narrow as a whole.
[0093] In the second embodiment, when the engine
rotation speed is higher, the bandwidth of the band-pass
filter, that is, the specific frequency bandwidth is made
narrower to detect the ignition timing. Hereinafter, detec-
tion control of the ignition timing according to the second
embodiment will be described.
[0094] FIG. 7 is a flowchart illustrating the detection
control of the ignition timing according to the second em-
bodiment. In FIG. 7, processing contents of Steps S 1 to
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S6 are the same as those in the first embodiment, and
thus, description will not be repeated herein.
[0095] In Step S21, the electronic control unit 200 sets
the specific frequency bandwidth based on the engine
rotation speed. Specifically, the electronic control unit
200 makes the lower limit frequency of the specific fre-
quency bandwidth higher and makes the upper limit fre-
quency of the specific frequency bandwidth lower when
the engine rotation speed is higher, thereby narrowing
the specific frequency bandwidth.
[0096] The ignition timing detection unit of the electron-
ic control unit 200 according to the second embodiment
described above is configured to make the specific fre-
quency bandwidth narrower when the engine rotation
speed is higher.
[0097] With this, it is possible to detect the combustion
vibration component included in the vibration detected
by the knocking sensor 210 with high accuracy in con-
formity with the rigid body frequency bandwidth that
changes according to the engine rotation speed. For this
reason, the same effects as in the first embodiment are
obtained, and it is possible to detect the ignition timing
of fuel with higher accuracy.

Third Embodiment

[0098] A third embodiment of the invention will be de-
scribed. The third embodiment is different from the first
embodiment in that a vibration portion (hereinafter, re-
ferred to as a "principal vibration portion") when fuel for
generating requested torque is combusted is specified
in a combustion vibration waveform to detect an ignition
timing. Hereinafter, description will be provided focusing
on the above-described difference.
[0099] In the respective embodiments described
above, the timing at which the combustion vibration level
becomes equal to or greater than the predetermined
combustion determination threshold is detected as the
ignition timing, that is, the combustion timing of fuel for
generating requested torque. At this time, in order to re-
strain an increase timing of a combustion vibration level
due to combustion of pilot injection fuel or the like other
than fuel for generating requested torque from being er-
roneously detected as the ignition timing, there is a need
to set the combustion determination threshold to a large
value to a certain extent. However, when the combustion
determination threshold is larger, since the ignition timing
to be detected becomes a crank angle on a delay side
with respect to an actual ignition timing, the detection
accuracy of the ignition timing is degraded.
[0100] In the third embodiment, with the combustion
vibration waveform being subjected to simplification
processing, the principal vibration portion and other vi-
bration portions, that is, a vibration portion by combustion
of pilot injection fuel or the like other than fuel for gener-
ating requested torque are specified, and then, the igni-
tion timing is detected.
[0101] Hereinafter, a detection method of the ignition

timing according to the third embodiment will be de-
scribed referring to FIGS. 8A and 8B.
[0102] FIG. 8A is a graph showing a combustion vibra-
tion waveform obtained when the multi-stage injection is
carried out to make fuel be combusted by diffusive com-
bustion in a certain engine operation state. FIG. 8B is a
graph showing a combustion vibration waveform subject-
ed to simplification processing using three thresholds of
a first threshold to a third threshold shown in FIG. 8A.
[0103] As shown in FIG. 8B, in the third embodiment,
when the combustion vibration level is smaller than the
first threshold, the combustion vibration level is set to
zero, and when the combustion vibration level is equal
to or greater than the first threshold and less than the
second threshold, the combustion vibration level is set
to the first threshold. When the combustion vibration level
is equal to or greater than the second threshold and less
than the third threshold, the combustion vibration level
is set to the second threshold, and when the combustion
vibration level is equal to or greater than the third thresh-
old, the combustion vibration level is set to the third
threshold.
[0104] With this, it is possible to obtain a combustion
vibration waveform where a portion having the combus-
tion vibration level equal to or greater than the first thresh-
old and less than the second threshold appears as a vi-
bration portion by combustion of pilot injection fuel or the
like other than fuel for generating requested torque. It is
possible to obtain a combustion vibration waveform
where a portion having the combustion vibration level
equal to or greater than the third threshold appears as a
vibration portion by combustion of fuel for generating re-
quested torque, that is, the principal vibration portion.
[0105] Here, the second threshold is a threshold that
is set to a value comparatively higher than the combus-
tion vibration level that is generated at the combustion
timing of pilot injection fuel or at the combustion timing
of after injection fuel, and is an example of the combustion
determination threshold employed in the respective em-
bodiments described above. Accordingly, in the third em-
bodiment, it is possible to detect, as the ignition timing,
a timing at which the combustion vibration level becomes
equal to or greater than the first threshold smaller than
the second threshold in the principal vibration portion.
For this reason, it is possible to improve the detection
accuracy of the ignition timing by making the combustion
determination threshold small.
[0106] FIG. 9 is a flowchart illustrating detection control
of the ignition timing according to the third embodiment.
In FIG. 9, processing contents of Steps S1 to S5 are the
same as those in the first embodiment, and thus, descrip-
tion will not be repeated herein.
[0107] In Step S31, the electronic control unit 200 sub-
jects the combustion vibration waveform to the simplifi-
cation processing. Specifically, as described above, the
electronic control unit 200 sets the combustion vibration
level to zero when the combustion vibration level is small-
er than the first threshold, and sets the combustion vi-
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bration level to the first threshold when the combustion
vibration level is equal to or greater than the first threshold
and less than the second threshold. When the combus-
tion vibration level is equal to or greater than the second
threshold and less than the third threshold, the combus-
tion vibration level is set to the second threshold, and
when the combustion vibration level is equal to or greater
than the third threshold, the combustion vibration level
is set to the third threshold.
[0108] In Step S32, the electronic control unit 200
specifies a portion having the combustion vibration level
equal to or greater than the third threshold as the principal
vibration portion.
[0109] In Step S33, the electronic control unit 200 de-
termines whether or not the number of portions (herein-
after, referred to as a "first threshold exceeding count")
having the combustion vibration level equal to or greater
than the first threshold and less than the second threshold
coincides with a fuel injection count.
[0110] For example, when the multi-stage injection is
carried out, the first threshold exceeding count should
coincide with the fuel injection count; however, when the
first threshold exceeding count is greater than the fuel
injection count, determination can be made that the first
threshold is too small, and there is a portion having the
combustion vibration level equal to or greater than the
first threshold and less than the second threshold due to
the influence of noise. When the first threshold exceeding
count is smaller than the fuel injection count, determina-
tion can be made that the first threshold is too large. When
the first threshold exceeding count does not coincide with
the fuel injection count, the electronic control unit 200
progresses to processing of Step S35 in order to update
the value of the first threshold by increasing or decreasing
the value of the first threshold by a predetermined value.
When the first threshold exceeding count coincides with
the fuel injection count, the electronic control unit 200
progresses to processing of Step S34 without updating
the value of the first threshold.
[0111] In Step S34, the electronic control unit 200 de-
tects, as the ignition timing, a crank angle at which the
combustion vibration level becomes equal to or greater
than the first threshold in the principal vibration portion.
[0112] In Step S35, the electronic control unit 200 up-
dates the value of the first threshold. Specifically, the
electronic control unit 200 increases the value of the first
threshold by the predetermined value when the first
threshold exceeding count is greater than the fuel injec-
tion count, and decreases the value of the first threshold
by the predetermined value when the first threshold ex-
ceeding count is smaller than the fuel injection count.
[0113] According to the third embodiment described
above, it is possible to specify a principal vibration portion
based on a combustion vibration waveform simplified us-
ing a plurality of thresholds (in the third embodiment, the
first threshold to the third threshold). For this reason, it
is possible to detect, as the ignition timing, a timing at
which the combustion vibration level becomes equal to

or greater than the combustion determination threshold
in the principal vibration portion to the exclusion of the
influence of the multi-stage injection. For this reason, it
is possible to improve the detection accuracy of the ig-
nition timing by making the combustion determination
threshold small.

Fourth Embodiment

[0114] A fourth embodiment of the invention will be de-
scribed. The fourth embodiment is different from the first
embodiment in that premix charged compressive ignition
is carried out in a predetermined operation region to per-
form the operation of the engine body 1. Hereinafter, de-
scription will be provided focusing on the above-de-
scribed difference.
[0115] The electronic control unit 200 according to the
fourth embodiment switches an operation mode of the
engine body 1 to one of a premix charged compressive
ignition mode (hereinafter, referred to as a "PCCI mode")
and a diffusive combustion mode (hereinafter, referred
to as a "DC mode") based on the engine operation state
and performs the operation of the engine body 1.
[0116] As shown in FIG. 10, the electronic control unit
200 switches the operation mode to the PCCI mode when
the engine operation state is within a PCCI range on a
low rotation speed and low load side, and switches the
operation mode to the DC mode when the engine oper-
ation state is within a DC region on a high rotation speed
and high load side. Then, the electronic control unit 200
carries out control of each control component according
to each operation mode and performs the operation of
the engine body 1.
[0117] Specifically, when the operation mode is the DC
MODE, as in the above-described first embodiment, the
electronic control unit 200 performs the operation of the
engine body 1 by carrying out the multi-stage injection
and controlling the injection amount, the injection timing,
and the like of respective fuel to be injected from the fuel
injection valve 20 in a multi-stage manner such that fuel
injected into the combustion chamber by the main injec-
tion is combusted with a short ignition delay time without
substantial delay after the fuel injection.
[0118] When the operation mode is the PCCI MODE,
the electronic control unit 200 performs the operation of
the engine body 1 by controlling the injection amount,
the injection timing, and the like of fuel to be injected from
the fuel injection valve 20 so as to cause the premix
charged compressive ignition where fuel injected into the
combustion chamber is combusted after a certain
premixing period with air from the fuel injection (that is,
with an ignition delay time longer than during the diffusive
combustion after fuel injection).
[0119] As described above, when the operation of the
engine body 1 is performed while switching the operation
mode to a plurality of operation modes having different
combustion forms, the combustion vibration waveform
may be changed according to the operation mode.
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[0120] FIG. 11 is a graph comparing a combustion vi-
bration waveform in a certain engine operation state dur-
ing DC MODE and during PCCI MODE.
[0121] As shown in FIG. 11, in the fourth embodiment,
since the multi-stage injection is carried out during DC
MODE, the combustion vibration level is high even at the
combustion timing of pilot injection fuel or at the combus-
tion timing of after injection fuel, in addition to the com-
bustion timing of main injection fuel.
[0122] Accordingly, as described above, during DC
MODE, in order to detect the combustion timing of main
injection fuel as the ignition timing, there is a need to set
the combustion determination threshold to be higher than
the combustion vibration level at the combustion timing
of pilot injection fuel or at the combustion timing of after
injection fuel.
[0123] In contrast to DC MODE, during PCCI MODE,
since a premix is combusted at the same timing at mul-
tiple points, basically, the combustion vibration level is
high solely at a combustion timing of the premix. For this
reason, during PCCI MODE, unlike DC MODE, there is
no need to increase the combustion determination
threshold. Conversely, when the combustion determina-
tion threshold during PCCI MODE is the same as the
combustion determination threshold during DC MODE,
the ignition timing to be detected becomes a crank angle
on the delay side by an amount when the combustion
determination threshold is the same, compared to an ac-
tual ignition timing, and the detection accuracy of the ig-
nition timing is deteriorated.
[0124] In the fourth embodiment, the combustion de-
termination threshold is changed during PCCI MODE and
during DC MODE. Specifically, the combustion determi-
nation threshold is smaller during PCCI MODE than dur-
ing DC MODE. With this, it is possible to improve the
detection accuracy of the ignition timing during PCCI
MODE. Hereinafter, detection control of the ignition tim-
ing according to the fourth embodiment will be described.
[0125] FIG. 12 is a flowchart illustrating the detection
control of the ignition timing according to the fourth em-
bodiment. In FIG. 12, processing contents of Steps S1
to S6 are the same as those in the first embodiment, and
thus, description will not be repeated herein.
[0126] In Step S41, the electronic control unit 200 de-
termines whether a current operation mode is PCCI
MODE or DC MODE. When the operation mode is PCCI
MODE, the electronic control unit 200 progresses to
processing of Step S42. When the operation mode is DC
MODE, the electronic control unit 200 progresses to
processing of Step S43.
[0127] In Step S42, the electronic control unit 200 sets
the combustion determination threshold to a threshold
(hereinafter, referred to as a "PCCI determination thresh-
old") THp for PCCI MODE.
[0128] In Step S43, the electronic control unit 200 sets
the combustion determination threshold to a threshold
(hereinafter, referred to as a "DC determination thresh-
old") THd for DC MODE. The DC determination threshold

THd is a value greater than the PCCI determination
threshold THp.
[0129] According to the fourth embodiment described
above, when fuel is combusted by the premix charged
compressive ignition, it is possible to make the combus-
tion determination threshold smaller than when fuel is
combusted by the diffusive combustion. For this reason,
it is possible to detect the ignition timing when fuel is
combusted by the premix charged compressive ignition,
with high accuracy.
[0130] Since an operation region when fuel is combust-
ed by the premix charged compressive ignition is a region
on a low load side, a vibration component (combustion
vibration component) due to combustion is likely to be
small compared to a region on a high load side. However,
according to the fourth embodiment, it is possible to ex-
tract a combustion vibration component even in the op-
eration region on the low load side described above to
the exclusion of the influence of a mechanical vibration
component as much as possible. For this reason, it is
possible to detect the ignition timing of the premix
charged compressive ignition that is carried out in the
operation region on the low load side, with high accuracy.

Fifth Embodiment

[0131] A fifth embodiment of the invention will be de-
scribed. The fifth embodiment is different from the fourth
embodiment in that a combustion form is discriminated
and the combustion determination threshold is changed
according to the combustion form. Hereinafter, descrip-
tion will be provided focusing on the above-described
difference.
[0132] In the fourth embodiment described above, the
combustion determination threshold is changed accord-
ing to the operation mode. However, in the fifth embod-
iment, a combustion form, that is, whether the diffusive
combustion or the premix charged compressive ignition
is performed is discriminated based on the combustion
vibration waveform and the combustion determination
threshold is changed according to a discrimination result.
Hereinafter, a discrimination method of the combustion
form according to the fifth embodiment will be described.
[0133] FIG. 13A is a graph showing a combustion vi-
bration waveform during diffusive combustion in a certain
engine operation state. FIG. 13B is a graph showing a
combustion vibration waveform during premix charged
compressive ignition in a certain engine operation state.
[0134] As shown in FIGS. 13A and 13B, the combus-
tion vibration waveform during the diffusive combustion
tends to be longer in vibration period W and smaller in
maximum value H of the combustion vibration level than
the combustion vibration waveform during the premix
charged compressive ignition. For this reason, a ratio
H/W of the maximum value H of the combustion vibration
level to the vibration period W tends to be small during
the diffusive combustion, and tends to be large during
the premix charged compressive ignition.
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[0135] In the fifth embodiment, when the ratio H/W is
less than a predetermined ratio, determination is made
that fuel is combusted by the diffusive combustion and
the combustion determination threshold is set to the DC
determination threshold THd. When the ratio H/W is
equal to or greater than the predetermined ratio, deter-
mination is made that fuel is combusted by the premix
charged compressive ignition and the combustion deter-
mination threshold is set to the PCCI determination
threshold THp. Hereinafter, detection control of the igni-
tion timing according to the fifth embodiment will be de-
scribed.
[0136] FIG. 14 is a flowchart illustrating the detection
control of the ignition timing according to the fifth embod-
iment. In FIG. 14, processing contents of Steps S1 to S6,
S42, and S43 are the same as those in the first embod-
iment and the fourth embodiment, and thus, description
will not be repeated herein.
[0137] In Step S51, the electronic control unit 200 de-
tects the vibration period W of the combustion vibration
waveform and the maximum value H of the combustion
vibration level based on the combustion vibration wave-
form and calculates the ratio H/W.
[0138] In Step S52, the electronic control unit 200 de-
termines whether or not the ratio H/W is equal to or great-
er than the predetermined ratio. When the ratio H/W is
equal to or greater than the predetermined ratio, the elec-
tronic control unit 200 progresses to the processing of
Step S42. When the ratio H/W is less than the predeter-
mined ratio, the electronic control unit 200 progresses to
the processing of Step S43.
[0139] According to the fifth embodiment described
above, as in the fifth embodiment, when fuel is combust-
ed by the premix charged compressive ignition, it is pos-
sible to make the combustion determination threshold
smaller than when fuel is combusted by the diffusive com-
bustion. For this reason, it is possible to detect the ignition
timing when fuel is combusted by the premix charged
compressive ignition, with high accuracy.

Sixth Embodiment

[0140] A sixth embodiment of the invention will be de-
scribed. The sixth embodiment is different from the fifth
embodiment in that the discrimination method of the com-
bustion form is different. Hereinafter, description will be
provided focusing on the above-described difference.
[0141] FIG. 15A is a diagram similar to FIGS. 13A and
13B, and is a graph comparing a combustion vibration
waveform in a certain engine operation state during dif-
fusive combustion and during premix charged compres-
sive ignition.
[0142] FIGS. 15B and 15C are graphs showing com-
bustion vibration waveforms diffusive combustion and
premix charged compressive ignition subjected to sim-
plification processing using three thresholds of a first
threshold and a third threshold shown in FIG. 15A, re-
spectively.

[0143] As shown in FIG. 15B, the combustion vibration
waveform is subjected to the simplification processing,
whereby, during the diffusive combustion, it is possible
to obtain a combustion vibration waveform where a vi-
bration portion (principal vibration portion) generated by
combustion of fuel for generating requested torque and
a vibration portion to be generated by combustion of pilot
injection fuel other than fuel for generating requested
torque appear. As shown in FIG. 15C, during the premix
charged compressive ignition, solely the principal vibra-
tion portion appears.
[0144] For this reason, the combustion form can be
discriminated by the number of portions (first threshold
exceeding count) where the combustion vibration level
is equal to or greater than the first threshold and less
than the second threshold. In the sixth embodiment, the
combustion form is discriminated according to the first
threshold exceeding count and the combustion determi-
nation threshold is changed according to the combustion
form. Hereinafter, detection control of the ignition timing
according to the sixth embodiment will be described.
[0145] FIG. 16 is a flowchart illustrating the detection
control of the ignition timing according to the sixth em-
bodiment. In FIG. 16, processing contents of Steps S1
to S5, S31, S32, S34, S42, and S43 are the same as
those in the first embodiment, the third embodiment, and
the fourth embodiment, and thus, description will not be
repeated herein.
[0146] In Step S61, the electronic control unit 200 cal-
culates the first threshold exceeding count.
[0147] In Step S62, the electronic control unit 200 dis-
criminates the combustion form based on the first thresh-
old exceeding count. In the sixth embodiment, the elec-
tronic control unit 200 discriminates the combustion form
is the premix charged compressive ignition when the first
threshold exceeding count is one, and discriminates that
the combustion form is the diffusive combustion when
the first threshold exceeding count is plural.
[0148] In Step S63, the electronic control unit 200
progresses to the processing of Step S42 when the com-
bustion form is the premix charged compressive ignition,
and progresses to the processing of Step S43 when the
combustion form is the diffusive combustion.
[0149] According to the sixth embodiment described
above, as in the fifth embodiment, when fuel is combust-
ed by the premix charged compressive ignition, it is pos-
sible to make the combustion determination threshold
smaller than when fuel is combusted by the diffusive com-
bustion. For this reason, it is possible to detect the ignition
timing when fuel is combusted by the premix charged
compressive ignition, with high accuracy.

Seventh Embodiment

[0150] A seventh embodiment of the invention will be
described. The seventh embodiment is different from the
first embodiment in that the combustion vibration level is
corrected based on a moving average value of the ignition
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timing deviation ΔC. Hereinafter, description will be pro-
vided focusing on the above-described difference.
[0151] As a factor for the ignition timing deviation ΔC,
as described above, in addition to the filter processing to
the output value of the knocking sensor 210, change in
ignition delay time is exemplified.
[0152] As a factor for change in ignition delay time,
there are a temporary factor and a permanent factor. As
the temporary factor, for example, during a transient op-
eration where an engine load is changed, deviation of an
intake air amount from a target value due to a response
delay of intake air, change in cetane number or octane
number of fuel due to refueling, or the like is exemplified.
As the permanent factor, fluctuation of an injection
amount to be injected from the fuel injection valve 20 due
to aging deterioration of the fuel supply device, or the like
is exemplified.
[0153] In the seventh embodiment, deviation of the ig-
nition timing due to temporary change in ignition delay
time is compensated based on a moving average value
(hereinafter, referred to as a "short-term moving average
value") of the ignition timing deviation ΔC for a short pe-
riod, and deviation of the ignition timing due to permanent
change in ignition delay time is compensated based on
a moving average value (hereinafter, referred to as a
"long-term moving average value") of the ignition timing
deviation ΔC for a long period. Hereinafter, detection con-
trol of the ignition timing according to the seventh em-
bodiment will be described.
[0154] FIG. 17 is a flowchart illustrating the detection
control of the ignition timing according to the seventh
embodiment. In FIG. 17, processing contents of Steps S
1 to S6 are the same as those in the first embodiment,
and thus, description will not be repeated herein.
[0155] In Step S71, the electronic control unit 200
reads a correction value Cp calculated through correction
value calculation processing described below, adds the
correction value Cp to the combustion vibration level to
correct the combustion vibration level, and calculates a
waveform (combustion vibration waveform) of the com-
bustion vibration level at each crank angle. An initial value
of the correction value Cp is zero.
[0156] In Step S72, the electronic control unit 200 car-
ries out the correction value calculation processing. De-
tails of the correction value calculation processing will be
described below referring to FIG. 18.
[0157] FIG. 18 is a flowchart illustrating the correction
value calculation processing.
[0158] In Step S721, the electronic control unit 200 cal-
culates a deviation between the ignition timing detected
in Step S6 and the target ignition timing set in advance
according to the engine operation state as the ignition
timing deviation ΔC.
[0159] In Step S722, the electronic control unit 200 cal-
culates a short-term moving average value CS of the
ignition timing deviation ΔC based on Expression (1) de-
scribed below. 

[0160] In Step S723, the electronic control unit 200 cal-
culates a long-term moving average value CL of the ig-
nition timing deviation ΔC based on Expression (2) de-
scribed below. 

[0161] In Step S724, the electronic control unit 200 cal-
culates a value obtained by multiplying a value obtained
by adding the short-term moving average value CS and
the long-term moving average value CL by a predeter-
mined coefficient k as the correction value Cp (= k 3 (CS
+ CL)).
[0162] Accordingly, in the seventh embodiment, when
the correction value Cp is greater, that is, when the de-
tected ignition timing is delayed with respect to the target
ignition timing, it is possible to correct the combustion
vibration level to be higher. With this, since it is possible
to correct deviation of the ignition timing due to temporary
and permanent changes in ignition delay time, it is pos-
sible to detect the ignition timing with high accuracy.
[0163] Although the embodiments of the invention
have been described above, the embodiments merely
show a part of application examples of the invention, and
are not meant to limit the technical scope of the invention
to the specific configurations of the embodiments.
[0164] For example, until the knocking sensor 210 de-
tects the combustion vibration, a delay according to a
propagation speed (sonic speed) of vibration occurs. The
propagation speed of vibration is changed according to
a temperature of the engine body 1. Specifically, when
the temperature of the engine body 1 is higher, the prop-
agation speed of vibration is later and the delay is greater.
[0165] Accordingly, for example, when a temperature
of a coolant representative of the temperature of the en-
gine body 1 is higher, the ignition timing detected in Step
S6 of the flowchart of FIG. 3 may be corrected to the
advance side.
[0166] In the respective embodiments described
above, although the single knocking sensor 210 is at-
tached to the engine body 1, two or more knocking sen-
sors 210 may be attached, the first knocking sensor may
be set as a main sensor, and the second knocking senor
may be set as a sub-sensor. In this way, the output values
of the sensors may be monitored and determination may
be made whether or not an abnormality occurs in the
sensors. Then, when an abnormality occurs in the main
sensor, the ignition timing may be allowed to be detected
by the sub-sensor.
[0167] In the second embodiment, when the engine
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rotation speed is higher, the specific frequency band-
width is made narrower. However, even though the ref-
erence frequency during the envelope processing in Step
S3 of the flowchart of FIG. 3 described above is set to
be higher when the engine rotation speed is higher, the
same effects are obtained.

Claims

1. A control device for an internal combustion engine
(100) including an engine body (1), a fuel injection
valve (20) configured to inject fuel into a combustion
chamber of the engine body (1), and a vibration sen-
sor (210) configured to detect vibration of the engine
body (1), the control device comprising
an electronic control unit (200) configured to:

set a target injection amount and a target injec-
tion timing based on an engine operation state;
control an injection amount and an injection tim-
ing of fuel to be injected from the fuel injection
valve (20) to the target injection amount and the
target injection timing, respectively;
detect an ignition timing of fuel based on a vi-
bration component of the engine body (1) in a
specific frequency bandwidth, the specific fre-
quency bandwidth being a bandwidth on a low
frequency side of a frequency bandwidth where
the engine body (1) undergoes elastic vibration,
and the specific frequency bandwidth being a
bandwidth where a ratio of a combustion vibra-
tion component that is generated when the en-
gine body (1) is subjected to combustion pres-
sure to vibration components detected by the
vibration sensor (210) becomes equal to or
greater than a predetermined value; and
correct at least one of the target injection amount
and the target injection timing based on a devi-
ation between the detected ignition timing and
a target ignition timing according to the engine
operation state.

2. The control device according to claim 1, wherein the
specific frequency bandwidth is a frequency band-
width of 0.1 kHz to 1.8 kHz.

3. The control device according to claim 1, wherein the
specific frequency bandwidth is a frequency band-
width of 0.2 kHz to 0.8 kHz.

4. The control device according to any one of claims 1
to 3, wherein the electronic control unit (200) is con-
figured to make the specific frequency bandwidth
narrower when an engine rotation speed is higher.

5. The control device according to any one of claims 1
to 4, wherein:

the electronic control unit (200) is configured to
calculate a vibration level of the engine body (1)
based on the vibration component of the engine
body (1) in the specific frequency bandwidth;
the electronic control unit (200) is configured to
calculate a mechanical vibration level of the en-
gine body (1) based on the engine operation
state;
the electronic control unit (200) is configured to
subtract the mechanical vibration level from the
vibration level to calculate a combustion vibra-
tion level; and
the electronic control unit (200) is configured to
detect, as an ignition timing of fuel, a timing at
which the combustion vibration level becomes
equal to or greater than a predetermined com-
bustion determination threshold.

6. The control device according to claim 5, wherein:

the electronic control unit (200) is configured to
specify, based on a waveform of the combustion
vibration level at each crank angle simplified us-
ing a plurality of thresholds, a principal vibration
portion when fuel for generating requested
torque is combusted; and
the electronic control unit (200) is configured to
detect, as an ignition timing of fuel, a timing at
which the combustion vibration level becomes
equal to or greater than the combustion deter-
mination threshold in the principal vibration por-
tion.

7. The control device according to claim 5, wherein:

the electronic control unit (200) is configured to
control the injection amount and the injection
timing of fuel to be injected from the fuel injection
valve (20) such that fuel causes premix charged
compressive ignition in an operation region on
a low load side and fuel causes diffusive com-
bustion in an operation region on a high load
side; and
the electronic control unit (200) is configured to,
when fuel is combusted by premix charged com-
pressive ignition, make the combustion determi-
nation threshold smaller than when fuel is com-
busted by diffusive combustion.

8. The control device according to claim 5, wherein the
electronic control unit (200) is configured to correct
the combustion vibration level based on a moving
average value of the deviation for a short period and
a moving average value of the deviation for a long
period.

9. A control method for an internal combustion engine
(100) including an engine body (1), a fuel injection
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valve (20) configured to inject fuel into a combustion
chamber of the engine body (1), and a vibration sen-
sor (210) configured to detect vibration of the engine
body (1), the control method comprising:

setting, by an electronic control unit (200), a tar-
get injection amount and a target injection timing
based on an engine operation state;
controlling, by the electronic control unit (200),
an injection amount and an injection timing of
fuel to be injected from the fuel injection valve
(20) to the target injection amount and the target
injection timing, respectively;
detecting, by the electronic control unit (200), an
ignition timing of fuel based on a vibration com-
ponent of the engine body (1) in a specific fre-
quency bandwidth, the specific frequency band-
width being a bandwidth on a low frequency side
of a frequency bandwidth where the engine body
(1) undergoes elastic vibration, and the specific
frequency bandwidth being a bandwidth where
a ratio of a combustion vibration component that
is generated when the engine body (1) is sub-
jected to combustion pressure to vibration com-
ponents detected by the vibration sensor (210)
becomes equal to or greater than a predeter-
mined value; and
correcting, by the electronic control unit (200),
at least one of the target injection amount and
the target injection timing based on a deviation
between the detected ignition timing and a target
ignition timing according to the engine operation
state.
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