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(54) Digital control apparatus for an engine and control method thereof

(57) A control apparatus (40) for an engine (1) com-
prises roughness control means (46) which sets a con-
trol variable (IG; INJ; A/F) for the adjusting means (8,
28, 43, 44) including an injector (28) so as to maintain
the combustion stability of the engine (1) within a certain
range. The control apparatus (40) further includes:
mean deviation measuring means (46a) is provided
which measures a mean deviation (σ) of the fluctuation
in angular velocity, for a plurality of control variables (IG;
INJ; A/F) set by control variable setting means (46d) of
the roughness control means (46) under the same op-
erational condition of the engine (1); predictive value
calculating means (46d) is provided which calculates a
predictive value of the mean deviation (σ) in the case
that a control variable (IG; INJ; A/F) for the adjusting
means (8, 28, 43, 44) is changed, on the basis of the
measured value of the mean deviation (σ) determined
for the plural control variables (IG; INJ; A/F); and judging
means (46c) is provided which judges of the engine (1)
is in the proper combustion condition, from a difference
(β) between the predictive value and the measured val-
ue of the mean deviation (σ) measured after the change
in control variable (IG; INJ; A/F). Accordingly, the accu-
rate determination can be made as to whether the en-
gine (1) is in the stable combustion condition, without
any erroneous determination.
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Description

[0001] The present invention relates to a control ap-
paratus for an engine, to an engine, to a control method
for an engine, to a computer-readable storage medium
storing thereon a computer program, and to a computer
program for performing an engine control method, when
run on a suitable computer.
[0002] Conventionally, as disclosed in Japanese Un-
examined Patent Publication H09-264183, a control ap-
paratus for an engine has been known, which includes
an angular velocity fluctuation detecting means for de-
tecting the fluctuation in angular velocity of the engine
rotation during a predetermined crank angle range be-
tween the crank angle at which combustion substantially
completes in a cylinder immediately and the crank angle
at which combustion starts in the following cylinder; a
combustion condition determining means for determin-
ing a combustion condition from the fluctuation in angu-
lar velocity, which is determined based on the detected
value by the angular velocity fluctuation detecting
means; and an air-fuel ratio control means for controlling
the fuel injection amount so as to adjust the air-fuel ratio
in the engine in accordance with the detection of the
combustion condition by the determining means. The
control apparatus adjusts the air-fuel ratio to be approx-
imately lean burn limit while maintaining the combustion
stability, in accordance with the combustion condition
determined based on the angular velocity or its fluctua-
tion during the lean combustion mode of the engine.
[0003] In particular, firstly, an output signal from a
crank angle sensor is used to sequentially detect the an-
gular velocity of the engine rotation for determining a
deviation between the detected value of the angular ve-
locity at the present combustion and that at the previous
combustion in the same cylinder. Then, the deviation is
compared with a first reference value and a second ref-
erence value smaller than the first reference value by a
predetermined amount, for determining the combustion
condition of the engine. When the deviation becomes
larger than the first reference value, the air-fuel ratio is
adjusted to be richer for maintaining the combustion sta-
bility. When the deviation becomes smaller than the sec-
ond reference value, the air-fuel ratio is adjusted to be
approximately lean limit for improving fuel efficiency.
[0004] The above mentioned approach to the deter-
mination of the engine combustion condition based on
the deviation between the detected value of the angular
velocity at the present combustion and that at the pre-
vious combustion, can determine accurately to some
extent on the basis of the deviation whether or not the
combustion condition is approximate to the lean com-
bustion limit, in an engine in which the fluctuation in en-
gine rotation is relatively smaller during stable combus-
tion condition, that is, in the engine which is configured
so as to control the air-fuel ratio to be homogeneously
lean in a region of intermediate speed and intermediate
load except for idling condition.

[0005] However, a problem arises in an engine in
which the engine rotation remarkably tends to fluctuate
even in the stable combustion condition of the engine,
or in an engine which executes a control of the lean com-
bustion mode where the air-fuel ratio in combustion
chambers is adjusted to be significantly lean of the sto-
ichiometric air-fuel ratio and fuel is directly injected into
the combustion chambers at predetermined timings so
as to cause the resultant mixture, which has been strat-
ified in the vicinity of spark plugs, to combust during low
load and low speed condition. That is, in such type of
engines, the reference values should include margins
to accommodate significant fluctuation in engine rota-
tion. Thus, the above mentioned determination may of-
ten cause erroneous recognition of the stable combus-
tion condition of the engine, in spite that the engine is
actually in the unstable combustion condition.
[0006] Additionally, as shown in FIG. 20 illustrating
the relationship between a ignition timing and a fluctua-
tion ratio in a target indicated mean effective pressure
Pi in an engine which executes a control so as to operate
on a stratified lean combustion mode, the smaller retard
of the ignition timing causes the fluctuation Pi to be
smaller, which provides a relatively stable combustion
condition. However, when the retard amount of the igni-
tion timing exceeds a certain value, the fluctuation in tar-
get indicated mean effective pressure Pi tends to
abruptly increase.
[0007] Accordingly, the beforehand judgement of the
tendency of the deteriorated combustion condition by
comparing the deviation in angular velocity with refer-
ence values is remarkably difficult to make in the engine
in which the engine rotation remarkably tends to fluctu-
ate in the stable combustion region of the engine. Thus,
in the case that the roughness control as descried in the
patent publication above is executed to sequentially re-
tard the ignition timing while determining the engine
combustion condition from the amount of the deviation
between the angular velocity at the present combustion
and that at the previous combustion, the engine is inev-
itably deteriorated in its combustion stability because
the ignition timing enters the misfire region as shown in
FIG. 21.
[0008] In view of the problem above, an object of the
present invention is to accurately determine whether or
not the engine is in the stable combustion condition with-
out any erroneous determination.
[0009] The object is solved according to the invention
by a control apparatus for an engine according to claim
1, by an engine according to claim 10, by a control meth-
od according to claim 13, by a computer-readable stor-
age medium according to claim 14, and by a computer
program according to claim 15. Preferred embodiments
of the present invention are subject of the dependent
claims.
[0010] Thus, the present invention accurately judges
as to whether the engine is in the stable combustion con-
dition without any erroneous determination.

1 2



EP 1 348 856 A1

3

5

10

15

20

25

30

35

40

45

50

55

[0011] In accordance with the present invention, there
is provided a control apparatus for an engine compris-
ing: angular velocity fluctuation detecting means; ad-
justing means; roughness control means; mean devia-
tion measuring means; predictive value calculating
means; and judging means. The angular velocity fluctu-
ation detecting means detects the fluctuation in angular
velocity of engine rotation. The adjusting means adjusts
a combustion condition of the engine. The roughness
control means sets or determines a control variable for
the adjusting means so as to maintain the proper com-
bustion stability of the engine. The mean deviation
measuring means measures a mean deviation of the
fluctuation in angular velocity or rotational cycle, for
each of a plurality of control variables set by the rough-
ness control means under the same operational condi-
tion of the engine. The predictive value calculating
means calculates a predictive value of the mean devia-
tion in the case that a control variable for the adjusting
means is changed, on the basis of the measured value
of the mean deviation determined for each of the plural
control variables. The judging means judges if the en-
gine is in the proper combustion condition, from a differ-
ence between the predictive value and the measured
value of the mean deviation measured after the change
in control variable.
[0012] Accordingly, in an engine in which the engine
rotation remarkably tends to fluctuate even when the en-
gine is in the stable combustion region, the judgement
can be accurately made without any erroneous determi-
nation as to whether the engine is in the stable combus-
tion condition, on the basis of the difference between
the predictive value of the mean deviation and the meas-
ured value of the mean deviation measured after the
change in control variable.
[0013] Preferably, the control apparatus may further
comprise control variable setting means which sets or
determines a control variable for the engine according
to the judgement by the judging means. Then, the judg-
ing means judges if a difference between the predictive
value of the mean deviation predicted in a previous con-
trol and the measured value of the mean deviation
measured after a change in control variable is within a
specified (predetermined or predeterminable) allowable
range, and the control variable setting means sets or
determines a control variable for the adjusting means
so as to improve the combustion stability of the engine,
if the judging means judges that the difference between
the predictive value and the measured value of the
mean deviation is out of the allowable range.
[0014] Accordingly, in the case that the engine is
judged to be in the stable combustion condition from the
difference between the predictive value of the mean de-
viation and the measured value of the mean deviation
measured after the change in control variable, the con-
trol variable is set or determined so as to improve the
combustion stability of the engine, thereby effectively
preventing the deterioration in the combustion stability

of the engine, in which the engine rotation remarkably
tends to fluctuate even when the engine is in the stable
combustion region.
[0015] In accordance with the preferred embodiment
of the present invention, the predictive value calculating
means may calculate the predicted value of the mean
deviation on the basis of the least squared method using
the latest plural measured values which are measured
by the mean deviation measuring means.
[0016] Accordingly, the predicted value of the mean
deviation in the case that the control variable is changed
can be easily and accurately determined from the meas-
ured value of the mean deviation measured by the mean
deviation measuring means.
[0017] Alternatively, the predictive value calculating
means may calculate the predicted value of the mean
deviation on the basis of the successive approximation
using the latest plural measured values which are meas-
ured by the mean deviation measuring means.
[0018] Accordingly, the predicted value of the mean
deviation in the case that the control variable is changed
can be more accurately determined from the measured
value of the mean deviation measured by the mean de-
viation measuring means.
[0019] Preferably, the control apparatus may further
comprise storage means which stores the mean devia-
tion of a fluctuation in angular velocity, and/or operation-
al region determining means which determines an op-
erational segment of an operational region in which the
engine is operating, the operational segments being di-
vided with respect to engine rotational speed and engine
load. Then, the mean deviation measuring means pref-
erably stores the mean deviation of a fluctuation in an-
gular velocity measured for each of plural control varia-
bles in the storage means correspondingly to the oper-
ational segments, and the control variable setting
means preferably reads the mean deviation for the op-
erational segment from the storage means and uses the
mean deviation to control the adjusting means, when the
engine has shifted to another operational segment.
[0020] Accordingly, a meticulous roughness control of
the engine is provided for each of operational segments
which are divided with respect to engine rotational
speed and engine load, thereby effectively improving fu-
el efficiency while maintaining the preferable combus-
tion stability of the engine.
[0021] More preferably, the control variable setting
means may reflect data corresponding to the operation-
al segment with a sufficient number of stored data of the
mean deviation and a sufficient number of the shift in
control variable towards the stable combustion limit, to
control the adjusting means in an operational segment
with an insufficient amount of stored data of the mean
deviation.
[0022] Accordingly, the control variable is more quick-
ly optimized for the adjusting means, than the case with
the roughness control for each of operational segments
which are divided with respect to engine rotational
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speed and engine load.
[0023] Further preferably, the control variable setting
means may determine the number of the judgement by
the judging means that the measured value of the mean
deviation is out of the allowable range, and reduce an
incremental amount of the control variable for the more
number of the judgements, when shifting the control var-
iable for the adjusting means towards the stable com-
bustion limit.
[0024] Accordingly, the deterioration in combustion
stability caused by the roughness control is effectively
prevented while the optimum control variable is more
quickly determined for the adjusting means.
[0025] Still further preferably, the control apparatus
may further comprise air-fuel ratio control means which,
in accordance with the engine operational condition,
changes the operational mode between the lean com-
bustion mode with a larger air-fuel ratio than the stoichi-
ometric air-fuel ratio in a combustion chamber of the en-
gine and the rich combustion mode with an air-fuel ratio
equal to or more than the stoichiometric air-fuel ratio in
the combustion chamber, and/or target load setting
means which sets or determines a target load to be used
for engine control in shifting to the rich combustion
mode, on the basis of a control variable set by the rough-
ness control means during the lean combustion mode.
[0026] Accordingly, a torque shock is effectively pre-
vented in the changing from the lean combustion mode
to the rich combustion mode.
[0027] Still further preferably, the control variable set-
ting means may set control variables for the adjusting
means for each of the operational segments in the op-
erational region of the lean combustion mode, and de-
termine a mean control variable for the overall lean com-
bustion mode on the basis of the control variables. Fur-
ther, the target load setting means may set the target
load to be used when the operational mode shifts to the
rich combustion mode, on the basis of the mean control
variable determined by the control variable setting
means.
[0028] Accordingly, even when the aging of the en-
gine causes the control variable, such as the amount of
ignition retard to vary, the target load to be used for the
engine control can be properly set based on the mean
control variable for overall lean combustion mode.
[0029] In accordance with the present invention, there
is further provided an engine equipped with the control
apparatus in accordance with the present invention or
the preferred embodiments thereof.
[0030] Particularly, the control apparatus is advanta-
geously combined with a direct-injection spark-ignition
engine which controls an injector of the engine to inject
fuel directly into the combustion chamber during the
compression stroke so as to stratify mixture in the vicin-
ity of the spark plug of the engine at an ignition timing.
This is because direct-injection spark-ignition engines
have the tendency that the engine rotation remarkably
fluctuates even in the stable combustion region of the

engine. More advantageously, the control apparatus
may be combined with the direct-injection spark-ignition
engine which produces tumble flow in a combustion
chamber of the engine during the compression stroke,
and controls an injector to inject fuel directly into the
combustion chamber in the substantially opposite direc-
tion against the tumble flow so as to stratify mixture in
the vicinity of a spark plug of the engine at an ignition
timing, as a result of the collision of the tumble flow and
the injected fuel.
[0031] In accordance with the present invention, there
is still further provided a control method for an engine,
in particular according to the present invention or a pre-
ferred embodiment thereof, including angular velocity
fluctuation detecting means for detecting the fluctuation
in angular velocity of engine rotation, adjusting means
for adjusting a combustion condition of the engine, and
roughness control means which sets or determines a
control variable for the adjusting means so as to main-
tain the proper combustion stability of the engine. The
control method comprises the following steps of: meas-
uring a mean deviation of the fluctuation in angular ve-
locity, for each of a plurality of control variables set by
the roughness control means under the same operation-
al condition of the engine; calculating a predictive value
of the mean deviation in the case that a control variable
for the adjusting means is changed, on the basis of the
measured value of the mean deviation determined for
each of the plural control variables; and judging if the
engine is in the proper combustion condition, from a dif-
ference between the predictive value and the measured
value of the mean deviation measured after the change
in control variable.
[0032] In accordance with the present invention, there
is further provided computer-readable storage medium
having stored thereon a computer program, which,
when loaded onto a computer, carries out the engine
control method for an engine according to the present
invention or the preferred embodiments thereof.
[0033] In accordance with the present invention, there
is further provided control program which, when loaded
onto a computer, carries out the engine control method
for an engine according to the present invention or the
preferred embodiments thereof.
[0034] Other features, aspects, and advantages of
the present invention will become apparent from the fol-
lowing description of the invention which refer to the ac-
companying drawings. It should be understood that
even though embodiments are separately described,
single features thereof may be combined to additional
embodiments.
[0035] FIG. 1 is a schematic diagram of an engine
equipped with a control apparatus in accordance with a
preferred embodiment of the present invention.
[0036] FIG. 2 is a functional block diagram of a control
unit.
[0037] FIG. 3 is a functional block diagram illustrating
particular configuration of a target load detecting
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means.
[0038] FIG. 4 is a map or table or relationship of op-
erational segments used for an air-fuel ratio control.
[0039] FIG. 5 is a schematic diagram illustrating the
arrangement of a detectable plate and a crank angle
sensor.
[0040] FIG. 6 is a graph chart showing strokes of each
cylinder, and change in torque and angular velocity with
respect to crank angle.
[0041] FIG. 7 is a graph chart showing the correlation
between combustion pressure and the fluctuation in an-
gular velocity.
[0042] FIG. 8 is a graph chart showing the fluctuation
in angular velocity with noise factors.
[0043] FIG. 9 is a graph chart showing data of angular
velocity from which the frequency components of rota-
tional order of 0.5 and its integral multiplies of the engine
rotation are removed.
[0044] FIG. 10 is a graph chart showing data obtained
by removing a frequency band of rotational orders less
than 0.5 from the data shown in FIG. 9 by a bypass filter
operation.
[0045] FIG. 11 is a functional block diagram illustrat-
ing particular configuration of a roughness control
means.
[0046] FIG. 12 is a diagram showing the relationship
between the stable combustion region, and the timings
of ignition and fuel injection.
[0047] FIG. 13 is a flow chart showing the main control
routine for setting ignition timing and fuel injection tim-
ing.
[0048] FIG. 14 is a flow chart showing the main control
routine of the roughness control.
[0049] FIG. 15 is a flow chart showing the control rou-
tine for complementing control data.
[0050] FIG. 16 is a flow chart showing the control rou-
tine for setting an ignition timing and an injection timing
in the main control routine of the roughness control
[0051] FIG. 17 is a flow chart showing the control rou-
tine for measuring the mean deviation σ.
[0052] FIG. 18 is a graph chart showing the change
in mean deviation while the roughness control is being
performed.
[0053] FIG. 19 is a timing chart showing the change
in ignition timing in accordance with the present inven-
tion.
[0054] FIG. 20 is a graph chart showing the relation-
ship between ignition timing and target load.
[0055] FIG. 21 is a timing chart showing the change
in ignition timing in accordance with a conventional ap-
proach.
[0056] FIG. 1 schematically shows an engine which
incorporates or represents a preferred embodiment of
the present invention. The engine is a four-cycle gaso-
line engine, comprising an engine main body 1 provided
with four cylinders arranged in line and corresponding
intake and exhaust systems. In each of the cylinders of
the engine main body 1, a combustion chamber 3 is de-

fined substantially above a piston 2. An intake port 4 and
an exhaust port 5 open to the combustion chamber 3,
and an intake valve 6 and an exhaust valve 7 is provided
in the ports 4, 5. At least one spark plug 8 is fitted to the
engine main body 1 so as to front or at least partly project
into the combustion chamber 3. The spark plug 8 is to
be electrically connected to an ignition circuit 9 which
includes an igniter or other devices operative to electri-
cally control ignition timings.
[0057] At an end portion of a crank shaft in the engine
main body 1, a detectable plate 11 is attached, which is
formed with projections 12 at predetermined positions
of the periphery of the plate 11. Facing the periphery of
the detectable plate 11, a crank angle sensor 13 is dis-
posed. The crank angle sensor 13 comprises a prefer-
ably electromagnetic pickup and/or other components.
Thus, while the engine is operating with the detectable
plate 11 rotated together with the crank shaft, the crank
angle sensor 13 outputs pulse signals in response to the
approach of projections 12 to the crank angle sensor 13.
The engine main body 1 is also provided with a coolant
temperature sensor 14 operative to detect the coolant
temperature.
[0058] The intake system of the engine comprises an
intake-air passage 16 for introducing intake air filtered
through an air filter 15 into the engine main body 1. The
intake-air passage 16 comprises a common intake-air
passage 17 on the upstream side thereof, a surge tank
18 on the downstream side thereof, and individual in-
take-air passages 19 connecting the surge tank 18 with
each of the intake ports 4 for respective cylinders. In the
common intake-air passage 17, an air-flow sensor 21
operative to detect the amount of intake air, an electri-
cally-controlled throttle valve 22 operative to adjust the
amount of intake air, an ISC (Idle Speed Control) pas-
sage 23 which bypasses the electrically-controlled throt-
tle valve 22, and an ISC valve 24 operative to open and
close the passage 23, are provided. In the intake-air
passage 16, an intake-air temperature sensor 25 oper-
ative to detect the intake-air temperature, an idle switch
26 operative to detect the fully closed state of the throttle
valve 22, and other devices, are fitted or provided.
[0059] At the preferably upper peripheral portion of
the combustion chamber 3, an injector 28 is provided
for injecting fuel. The injector 28 injects fuel, supplied
through a fuel supply passage from a low-pressure fuel
pump and a high-pressure fuel pump not shown, directly
into the combustion chamber 3. Particularly, the injector
28 operates in accordance with signals (e.g. injection
pulses) from an ECU 40 described later so as to open
its valve during a time period equivalent to a injection
pulse width at the injection timing set in association with
an ignition timing. While the engine is operating on the
lean combustion mode as described later, fuel is inject-
ed in the latter half of the compression stroke against a
tumble flow generated in the combustion chamber 3, so
that the mixture resulting from the collision of the tumble
flow and the fuel spray is stratified and maintained in the
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proximity of the spark plug 8 at the ignition timing.
[0060] In order to generate the tumble flow sufficient
in strength in the combustion chamber 3 in the latter half
of the compression stroke, the individual intake-air pas-
sage 19 for each cylinder preferably branches out into
two passages. On the downstream side of the pair of
passages, two intake ports 4 open to the combustion
chamber 3. On the upstream side of the pair of the pas-
sages, a pair of intake shutter valve 29 is correspond-
ingly provided. In the lean combustion mode of the en-
gine, the intake shutter valve 29 is closed to increase
the intake-air velocity, thereby generating strong tumble
flow in the combustion chamber 3.
[0061] On the other hand, the exhaust system of the
engine comprises an exhaust-air passage 31 which
communicates with exhaust ports 5 for respective cylin-
ders. The exhaust-air passage 31 is provided with a
three-way catalyst on the upstream side thereof, and/or
a lean NOx catalyst (for absorbing or storing NOx and
reducing it) on the downstream side thereof. The lean
NOx catalyst is capable of purifying NOx even in the lean
combustion condition.
[0062] Identified by 40 is a control unit for controlling
the engine (referred to as ECU hereinafter), which in-
cludes a microcomputer. The control unit 40 receives
detected signals from the crank angle sensor 13, cool-
ant temperature sensor 14, air-flow sensor 21, intake-
air temperature sensor 25, idle switch 26, acceleration-
pedal position or operation sensor, and/or other sen-
sors. The ECU 40 sends the signal for controlling the
ignition timing to the ignition circuit 9, and the signal for
controlling the fuel injection to the injector 28.
[0063] The control unit 40, as shown in FIG. 2, in-
cludes a target load setting means 41; a operational re-
gion determining means 42; a fuel injection control
means 43; an ignition timing control means 44; an an-
gular velocity fluctuation detecting means 45; a rough-
ness control means 46; and/or an air-fuel ratio control
means 47. The target load setting means 41 is provided
for setting or computing or determining a value equiva-
lent to a target load of the engine. The operational region
determining means 42 is provided for determining the
operational region of the engine. The fuel injection con-
trol means 43 is provided for controlling the timing of the
fuel injection to be performed by the injector 28. The ig-
nition timing control means 44 is provided for controlling
the timing at which the spark plug 8 ignites the mixture.
The angular velocity fluctuation detecting means 45 is
provided for detecting the fluctuation in angular velocity
of the engine rotation. The roughness control means 46
is provided for performing a roughness control of cor-
recting the adjustment of an adjusting means consisting
of the spark plug 8 and the injector 28, as will be de-
scribed later. Finally, the air-fuel ratio control means 47
is provided for controlling the air-fuel ratio A/F in the
combustion chamber 3 in accordance with the engine
operational condition.
[0064] The target load setting means 41, as shown in

FIG. 3 by way of example, includes: a volumetric effi-
ciency setting means 41a; a charging efficiency calcu-
lating means 41b; and a Pi calculating means 41c. The
volumetric efficiency setting means 41a is provided for
setting a hypothetical volumetric efficiency, on the basis
of engine rotational speed ne determined from the out-
put signal sent from the crank angle sensor 13 and ac-
celeration-pedal position (or operational amount of the
acceleration pedal) ac detected by the acceleration-
pedal position sensor 20, with reference to a prescribed
map or table or relationship. The charging efficiency cal-
culating means 41 b is provided for calculating a hypo-
thetical charging efficiency on the basis of the volumetric
efficiency set as above and atmospheric pressure at de-
tected by an atmospheric pressure not shown. Finally,
the Pi calculating means 41c is provided for calculating
a target indicated mean effective pressure correspond-
ing to the target load on the basis of the charging effi-
ciency calculated as above.
[0065] The Pi calculating means 41c, in the lean com-
bustion mode of the engine, sets or determines a target
indicated mean effective pressure preferably in the fol-
lowing manner:
Firstly, the Pi calculating means 41c calculates a mean
control variable for the entire region of the lean combus-
tion mode on the basis of the control variables for the
adjusting means (or the amount of ignition retard) in
each of plural operational segments divided with respect
to engine rotational speed and engine load.
Then the Pi calculating means 41c sets or determines
the target indicated mean effective pressure corre-
sponding to the target load to be used when the engine
shifts from the lean combustion mode to the rich com-
bustion mode, on the basis of the mean control variable
calculated as above. That is, in the lean combustion
mode of the engine, the increased amount of the engine
torque caused by the correction of retarding the ignition
timing by the roughness control means 46 is calculated
based on the mean control variable, and the control map
or table or relationship for setting the target indicated
mean effective pressure (equivalent to target load) is
corrected based on the increased amount of the engine
torque. As a result, a torque shock is avoided in shifting
from the lean combustion mode to the rich combustion
mode of the engine.
[0066] The operational region determining means 42
determines the engine operational mode in the following
manner: Firstly, the operational region determining
means 42 uses the target indicated mean effective pres-
sure corresponding to the target load set by the target
load setting means 41 and the detected value of the en-
gine rotational speed ne, to determine the operational
region. Then, the combustion mode of the engine is set
based on the operational region determined as above.
In the operational region in which the target load and the
engine rotational speed are smaller than predetermined
values, or in the operational region of lower load and
lower engine rotational speed defined by bold lines in

9 10



EP 1 348 856 A1

7

5

10

15

20

25

30

35

40

45

50

55

FIG. 4 for example, the engine operates on the lean
combustion mode. In the operational region outside of
the above, the engine operates on the rich combustion
mode. The operational region of the lean combustion
mode is divided into a plurality of segments with respect
to target load and engine operational speed as indicated
by broken lines in the drawing. In the 1st segment (1) to
the 12th segment (12) excluding highly low rotational
speed region and in an idling segment (I), the roughness
control means 46 executes the roughness control.
[0067] The injection timing control means 43, in ac-
cordance with the determination of the operational re-
gion by the operational region determining means 42,
sets or determines a fundamental or basic injection tim-
ing in a predetermined period during the intake stroke
while the engine is in the operational region of the rich
combustion mode, and sets or determines a fundamen-
tal or basic injection timing in a specified (predetermined
or predeterminable) period during the compression
stroke while the engine is in the operational region of
the lean combustion mode. If required, the injection tim-
ing control means 43 can correct the fundamental injec-
tion timing. Particularly, in the operational region of the
lean combustion mode, the injection timing is set at a
timing a predetermined period before the ignition timing
set by the ignition timing control means 44 described
later.
[0068] The ignition timing control means 44 sets or
determines a fundamental or basic ignition timing for
mixture on the basis of the target load of the engine set
by the target load setting means 41 and the detected
value of the engine rotational speed for each of the op-
erational segments determined by the operational re-
gion determining means 42, with reference to a map or
table or relationship. Additionally, in the operational re-
gion of the lean combustion mode, the ignition timing is
corrected based on the control variable (or the amount
of ignition retard) set by the roughness control means
46 as will be described later.
[0069] The angular velocity fluctuation detecting
means 45, using the signal from the crank angle sensor
13, detects the angular velocity of the engine rotation
preferably in the form of intervals of the signal outputs
of the crank angle sensor 13. In addition, the angular
velocity fluctuation detecting means 45, using the de-
tected value of the angular velocity, detects the differ-
ence between the angular velocity at the previous com-
bustion and that at the present combustion in the same
cylinder. The angular velocity is detected within the pre-
determined crank angle range between the crank angle
at which the combustion substantially completes in a
cylinder and the crank angle at which combustion starts
in the following cylinder (preferably in a middle stage of
the expansion stroke).
[0070] In accordance with a preferred embodiment,
the crank angle sensor 13 is configured so as to detect
the angular velocity preferably within the range between
ATDC 85° and 130° during the expansion stroke. For

example, as shown in FIG. 5, the projections 12 of the
detectable plate 11 and the crank angle sensor 13 are
arranged so as to detect ATDC 85° CA and ATDC 130°
CA. The interval of 45° between the two detection points
is used to determine the angular velocity. ATDC stands
for after top dead center; and CA for crank angle.
[0071] FIG. 6 shows the variation in engine torque and
angular velocity (rad/sec) with respect to the crank angle
in an in-line four-cylinder four-cycle gasoline engine. As
shown, the combustion occurs in the order of cylinder
number 4, cylinder number 2, cylinder number 1, and
cylinder number 3. The combustions cause the gas
pressure torque to vary, and the piston movements
cause the inertia torque to vary, so that the resultant
torque of the combusted-gas torque and the inertia
torque varies as indicated by a bold line. Then, the an-
gular velocity varies depending on a difference between
the resultant torque and the required torque for main-
taining the angular velocity. As a result, the angular ve-
locity varies as indicated by a solid line A in the case of
the normal combustion. On the other hand, in the case
of misfire in cylinder number 1, the angular velocity var-
ies as indicated by a broken line B because of the torque
loss due to the misfire in cylinder number 1.
[0072] That is, during the normal combustion of the
engine, an increase in combustion pressure after igni-
tion causes the angular velocity to rise, and the comple-
tion of the combustion causes the angular velocity to de-
crease. On the other hand, in the case of misfire, though
a rate of the increase in angular velocity lessens, the
angular velocity is not so greatly different from that in
the normal combustion because the angular velocity is
relatively small in the early stage of the combustion
stroke even during the normal combustion. Then, after
the middle stage of the stroke, the angular velocity re-
markably reduces with the decrease in combustion
pressure, and increasingly differs from the angular ve-
locity in the normal combustion. In the cylinder following
the misfiring cylinder (or in cylinder number 3 in the case
of the misfire in cylinder number 1), though the angular
velocity is relatively small under the influence of the mis-
fire in the preceding cylinder, the required torque for
maintaining the angular velocity is reduced with the de-
crease in angular velocity, so that the angular velocity
increases under the same torque. As a result, the angu-
lar velocity becomes approximate to that in the normal
condition as the stroke proceeds.
[0073] FIG. 7 shows the correlation between the com-
bustion pressure and the fluctuation in angular velocity.
Its horizontal axis indicates the crank angle from the top
dead center of the compression stroke of a cylinder,
which is defined as 0° CA; its vertical axis indicates the
correlation coefficient. The correlation coefficient refers
to the level of the effect on the angular velocity by the
combustion condition (e.g. combustion pressure) in the
present cylinder. Positive values of this coefficient mean
the intimate correlation between the fluctuation in com-
bustion pressure in the cylinder (or the decrease in com-
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bustion pressure with misfire) and the fluctuation in an-
gular velocity (or the decrease in angular velocity). On
the other hand, negative values of the coefficient mean
that the fluctuation in combustion pressure in the pre-
ceding cylinder affects the fluctuation in angular velocity
more greatly than that in the present cylinder.
[0074] As apparent from FIG. 6 and FIG. 7, before the
elapse of the primary combustion period after ignition
(approximately TDC to ATDC 20° CA) and the delay
time necessary for the torque increase caused by the
combustion to be reflected on the angular velocity (ap-
proximately 20° CA), the combustion condition in the
preceding cylinder more greatly affects the fluctuation
in angular velocity. In the meantime, after the timing of
elapse of those periods (equivalent to the timing of the
combustion completion) before the start of the combus-
tion in the following cylinder, the intimate correlation is
seen between the fluctuation in combustion pressure in
the present cylinder and the fluctuation in angular ve-
locity. Accordingly, it was recognised that a sufficiently
accurate determination of the combustion condition can
be made by determining the fluctuation in angular ve-
locity (or difference between the angular velocity at the
previous combustion and that at previous combustion)
on the basis of the angular velocity within the crank an-
gle range between the crank angle at which combustion
substantially completes (approximately ATDC 40°) and
the crank angle at which combustion starts in the follow-
ing cylinder (approximately ATDC 200°).
[0075] The angular velocity detecting means 45 de-
termines the fluctuation in angular velocity on the basis
of the data of angular velocity (or detected data of an-
gular velocity) as described above. In order to remove
noise components unfavorable to the determination of
the combustion condition, the angular velocity detecting
means 45 preferably conducts a noise reduction of fil-
tering process or a process for removing the frequency
components of rotational order of 0.5 and its integral
multiplies of the engine rotation and the frequency com-
ponents of rotational order less than 0.5 of the engine
rotation, in determining the fluctuation in angular veloc-
ity from the angular velocity data.
[0076] That is, besides the fluctuation in combustion
condition, noise components which may cause angular
velocity to fluctuate include: the fluctuation in angular
velocity due to the resonance originating from the com-
bustion as the vibration source; the fluctuation in angular
velocity occurring during the rotation of wheel due to the
unbalanced wheels and drivetrains; and/or the fluctua-
tion in angular velocity due to the vibration transmitted
from road surface to wheels. As shown in FIG. 8, noise
components resulting from explosive rotation due to the
resonance occur in a frequency of rotational orders of
0.5 and its integral multiples of the engine rotation, and
noise components due to the rotation of unbalanced
wheels and road surface conditions occur in a frequency
band of rotational orders less than 0.5.
[0077] Therefore, the angular velocity detecting

means 45 firstly removes the signal with the frequency
of rotational orders of 0.5 and its integral multiplies of
the engine rotation from the detected data of angular
velocity. Particularly, by determining a difference be-
tween the angular velocity in the present cycle and that
in the previous cycle, or a difference dω between the
present detected value of angular velocity ω[i] and the
previous detected value ω[ i - 4 ] detected four strokes
before, the data of the fluctuation in angular velocity are
determined, from which the frequency components of
rotational orders of 0.5 and its integral multiplies of the
engine rotation are excluded, as shown in FIG. 9.
[0078] Moreover, the angular velocity detecting
means 45, as described above, removes the noise com-
ponents of the frequency of rotational orders less than
0.5 of the engine rotation. Particularly, an operation as
a highpass filter, like a rotationally synchronized FIR dig-
ital filter for example, is performed to reduce the a fre-
quency band of rotational orders less than 0.5, as shown
in FIG. 10. Therefore, such operations as above remove
the frequency components of rotational order of 0.5 and
its integral multiplies of the engine rotation and the fre-
quency components of rotational order less than 0.5 of
the engine rotation, so as to provide the precise data of
the fluctuation in angular velocity indicative of the fluc-
tuation in combustion condition.
[0079] As shown in FIG. 11, the roughness control
means 46 preferably includes: a mean deviation meas-
uring means 46a; a predictive value calculating means
46b; a judging means 46c; a control variable setting
means 46d; and/or a storage means 46e. The mean de-
viation measuring means 46a is provided for measuring
or determining a mean deviation of the angular velocity
fluctuation using the detected data of the fluctuation in
angular velocity detected by the angular velocity fluctu-
ation detecting means 45. The predictive value calcu-
lating means 46b is provided for calculating a predictive
value of the mean deviation in the case of change in
control variables (or the amount of ignition retard) for
the adjusting means comprising the spark plug 8. The
judging means 46c is provided for judging if the engine
is in the proper combustion condition or not from the
measured value and the predictive value of the mean
deviation. The control variable setting means 46d is pro-
vided for setting a control variable in accordance with
the judgement of the judging means 46c. The storage
means 46e is provided for at least temporarily storing
the control variable set by the control variable setting
means 46d, the measured value of the mean deviation
by the mean deviation measuring means 46a, and the
like.
[0080] The mean deviation measuring means 46a
measures the mean deviation in the following manner:
While the engine is operating on the lean combustion
mode with the constant operational condition, or during
the normal operational condition where an operational
condition equivalent to one of the 1st segment (1) to 12th
segment (12) is maintained over a certain time period
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for example, the mean deviation measuring means 46a
calculates a difference between the angular velocity of
the engine rotational speed at the present combustion
and the angular velocity of the engine rotational speed
at the previous combustion detected by the angular ve-
locity detecting means 45 over four seconds for exam-
ple, to collect the data for approximately 200 cycles.
Then, the mean deviation measuring means 46a uses
a mean value of the data collected as above and the
difference in angular velocity to determine the mean de-
viation, which are outputted to the judging means 46c
and stored in the storage means 46e.
[0081] The predictive value calculating means 46c
determines a predictive value of the mean deviation var-
ying depending on the correction of the ignition timing,
using the control variable set by the control variable set-
ting means 46d. The determination is made preferably
on the basis of the least squared method using a plural-
ity of the latest measured values which are measured
by the mean deviation measuring means 46a. For ex-
ample, when the control variable setting means 46d cor-
rects the ignition timing so as to sequentially retard the
ignition timing, the four mean deviations stored in the
storage means 46e (or four measured values of the
mean deviation calculated and stored at every timing of
ignition retard) are read. Using the four values, the pre-
dictive value calculating means 46b predicts the varia-
tion in mean deviation with further ignition retard, pref-
erably on the basis of the least squared method.
[0082] Immediately after engine start or in other con-
ditions with no measured value by the mean deviation
measuring means 46b, reference data (or standard data
predetermined) in the storage means 46e are used to
predict the predictive value of the mean deviation on the
basis of the least squared method. In the case that no
measured value exists for the present operational seg-
ment, or in the case that the insufficient number of meas-
ured value exists for the present operational segment
but the considerable number of measured values exists
for another operational segment, measured values are
read from the operational segment with the considera-
ble number of the values, adapted for the variation in
measured values stored for the present operational seg-
ment, and used in the roughness control.
[0083] The judging means 46c, in the operational re-
gion of the lean combustion mode, judges if the engine
is in the proper combustion condition, from a difference
between the predictive value of the mean deviation pre-
dicted by the predictive value calculating means 46b
and the measured value actually determined by the
mean deviation measuring means 46a when the control
variable setting means 46d performs the control for var-
ying the control variable.
[0084] That is, while the control is sequentially retard-
ing or advancing the ignition timing, the judging means
46c judges if a difference between a predictive value of
the mean deviation predicted at the timing of the previ-
ous control (before the retard or advance of the ignition)

and a measured value of the mean deviation determined
at the timing of the present control (after the retard or
advance of the ignition) is in a specified (predetermined
or predeterminable) allowable range. When the differ-
ence between the predictive value and the measured
value of the mean deviation is confirmed to be in the
allowable range, the engine is judged to be in the proper
combustion condition, then the signal indicative of the
proper condition is transmitted to the control variable
setting means 46d. On the other hand, the difference is
confirmed to be out of the allowable range, the engine
is judged to be in the improper combustion condition,
then the signal indicative of the improper condition is
transmitted to the control variable setting means 46d.
[0085] The control variable setting means 46d, when
the judging means 46c judges that the difference be-
tween the predictive value and the measured value of
the mean deviation is out of the allowable range, sets
or determines a control variable which corrects the igni-
tion timing to be advanced for improving the combustion
stability of the engine. On the other hand, when the judg-
ing means 46c judges that the difference between the
predictive value and the measured value of the mean
deviation is in the allowable range, or when the control
is initiated immediately after engine start for example,
the control variable setting means 46d sets or deter-
mines a control variable which corrects the ignition tim-
ing to be retarded for improving the fuel efficiency of the
engine. Then, the control variable is transmitted to the
ignition timing control means 44.
[0086] Additionally, in the operational condition of the
lean combustion mode, a control variable for correcting
a fuel injection timing preferably is calculated or deter-
mined based on the control variable set by the control
variable setting means 46d (or the amount of ignition
retard). This variable causes the fuel injection to occur
a predetermined period before the ignition timing. That
is, a stable combustion region in the operational condi-
tion of the lean combustion mode, in which the mixture
is stratified in the proximity of the spark plug 8 and ig-
nited, tends to narrow as the ignition is retarded as
shown in FIG. 12. In addition, a certain correlation is
seen between the stable combustion region and the fuel
injection timing in the case that ignition is retarded.
Thus, the setting of the amount of the ignition retard to
a certain amount will automatically provide the proper
fuel injection timing for maintaining combustion stability.
[0087] The air-fuel ratio control means 47, shown in
FIG. 2, controls the air-fuel ratio A/F by adjusting the
amount of fuel to be injected into the combustion cham-
ber 4 from the injector 28 and the amount of the valve
travel of the electrically-controlled throttle valve 22, in
accordance with the output signals from the sensors
such as air-flow meter 21 and coolant temperature sen-
sor 14, the target indicated mean effective pressure cor-
responding to the target load and set by the target load
setting means 41, a detected value of engine load, and
the operational region determined by the operational re-
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gion determining means 42. Particularly, the air-fuel ra-
tio control means 47 performs a control for changing the
combustion mode by adjusting the air-fuel ratio A/F in
accordance with the engine operational condition. More
particularly, the air-fuel ratio control means 47 adjusts
the air-fuel ratio A/F to be lean as predetermined for pro-
viding the lean combustion mode in the operational re-
gion up to intermediate speed and intermediate load,
and adjusts the air-fuel ratio A/F to be equal to or less
than the stoichiometric air-fuel ratio A/F for providing the
rich combustion mode in the operational region of higher
engine speed and higher load, as shown in FIG. 4 in
warmed-up state of the engine.
[0088] Moreover, in the lean combustion mode, the
target load setting means 41 sets or determines the tar-
get indicated mean effective pressure corresponding to
the target load to be usedwhen the combustion mode
shifts to the rich combustion mode, on the basis of the
control variable for the spark plug 8 set by the roughness
control means 46, that is, the amount of the ignition re-
tard. Then, using the target indicated mean effective
pressure set as above, the air-fuel ratio control means
47 sets or determines an air-fuel ratio A/F in the shifting
of the combustion mode.
[0089] The apparatus in accordance with a preferred
embodiment of the present invention acts as will be de-
scribed with reference to the flow charts shown in FIG.
13 through FIG. 17. FIG. 13 shows a main control rou-
tine for setting a fuel injection timing and an ignition tim-
ing for mixture. After the control routine starts, firstly, the
target load setting means 41 sets or determines a volu-
metric efficiency of intake air corresponding to the en-
gine rotational speed and the acceleration pedal travel
with reference to a map or table or relationship (at step
S1). The value of the volumetric efficiency and the value
of the atmospheric pressure are used to determine a
charging efficiency of intake air (at step S2), then, based
on the charging efficiency, a target indicated mean ef-
fective pressure Pi corresponding to a target load of the
engine is determined (at step S3).
[0090] Next, the operational condition determining
means 42 judges whether or not the engine is operating
on the lean combustion mode (at step S4). If NO, that
is, the engine is confirmed to be operating on the rich
combustion mode, an ignition timing IG for the mixture
is set or determined from a fundamental or basic ignition
timing read out with reference to a map or table or rela-
tionship based on the target indicated mean effective
pressure Pi (at step S5), and a fuel injection timing INJ
is set or determined from a fundamental or basic injec-
tion timing read out with reference to a map or table or
relationship based on the target indicated mean effec-
tive pressure Pi (at step S6).
[0091] If YES at step S4, that is, the engine is con-
firmed to be operating on the lean combustion mode, a
judgement is made as to whether the roughness control
means 46 had performed a correction of ignition retard
(at step S7). If YES at step S7, and data for the rough-

ness control are available, the roughness control is per-
formed (at step S8) as will be described.
[0092] If NO at step S7, that is, the data for the rough-
ness control is not available because the present con-
dition is immediately after engine start, an ignition timing
IG for mixture is set or determined from the fundamental
ignition timing read out with reference to a map or table
or relationship based on the target indicated mean ef-
fective pressure Pi (at step S9), and the roughness con-
trol is performed at step S8. Then, an ignition control
signal and an injection control signal corresponding to
the ignition timing IG, which had been set by the rough-
ness control or set at steps S5 and S6, are transmitted
to respective actuators, i.e. the signal is output for con-
trolling the ignition and the injection timings (at steps
S10 and S11).
[0093] A main control routine performed at step S8 will
now be described with reference to a flow chart shown
in FIG. 14. After the control routine starts, data of engine
rotational speed ne and the target indicated mean effec-
tive pressure Pi are acquired (at step S21). Based on
the acquired data, a segment corresponding to the
present operational condition is selected from the 1st to
12th segments shown in FIG. 3 (at step S22), then a
complementary control for control data is performed as
will be described (at step S23)
[0094] Next, a judgement is made as to whether the
engine operational segment at the present control is dif-
ferent from that at the previous control (at step S24). If
NO, that is, the operational segment of the engine has
not changed, a judgement is made as to whether a timer
has counted a sampling time predetermined e.g. as ap-
proximately four seconds (at step S25). If YES at step
S25, that is, the timer is comfirmed to have counted the
sampling time, a control for setting an ignition timing and
an injection timing is performed (at step S26). Then, the
timer is reset to zero (at step S27), and the routine re-
turns.
[0095] If NO at step S25, that is, the timer is confirmed
not to have counted the sampling time, the timer is in-
cremented (at step S29), and the routine returns. If step
S24 judges YES, that is, the step confirms that the op-
erational segment has changed to the other before the
timer completes the count of the sampling time, control
data for the other segment, to which the operational seg-
ment has changed, that is, control variable indicative of
the amount of ignition retard and a measured value of
the mean deviation for the following segment, are read
from the storage means 46e (at step S28). Then, the
routine proceeds to step S27 and resets the timer.
[0096] The complementary control routine performed
at step S23 will now be described with reference to the
flow chart shown in FIG. 15. After the control routine
starts, firstly, a mean ignition-retard amount (or a mean
control variable) for the overall region of the lean com-
bustion mode is calculated based on control data stored
for each of the plural divided segments in the region of
the lean combustion mode (at step S31). Based on the
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value calculated as above, an increment or the in-
creased amount of the target indicated means effective
pressure Pi is calculated (at step S32).
[0097] Then, a control map or table or relationship,
which provides the target load (or target indicated
means effective pressure) to be used for engine control
when the operational mode shifts from the lean combus-
tion mode to the rich combustion mode, is corrected
based on the increment of the target indicated mean ef-
fective pressure Pi corresponding to the ignition retard
control (at step S33), and a segment with the maximum
amount of ignition retard and the amount of the maxi-
mum retard Rmax are read (at step S34).
[0098] Next, a judgement is made as to whether the
roughness control has been performed in the present
segment (at step S35). If YES, a judgement is made as
to whether the amount of ignition retard Rα in the
present segment is less than half of the amount of the
maximum retard Rmax (at step S36). If NO at step S36
and a predetermined number of control data have been
accumulated and available in the present segment, the
routine returns as it is and uses the accumulated data
to control for setting an ignition timing and an injection
timing as will be described.
[0099] If NO at step S35, that is, the roughness control
has not been performed in the present segment, or if
YES at step S36, that is, the amount of ignition retard
Rα in the present segment is less than e.g. half of the
amount of the maximum retard Rmax, control data in
the present segment is complemented based on the
amount of the maximum retard Rmax of the segment
read at step S34 or the segment with the maximum
amount of ignition retard (at step S38). Particularly, if the
roughness control has not performed many times in the
present segment, control data in the present segment
(or the amount of ignition retard) is set preferably based
on the amount of the maximum retard Rmax. Addition-
ally, data determined from the measured value of the
mean deviation, which has been obtained for the seg-
ment with the maximum amount of ignition retard, is
stored in the storage means 46e as a measured value
of the mean deviation in the present segment.
[0100] Described next is the control routine for setting
an ignition timing and an injection timing performed at
step S26 in the main control routine of the roughness
control.
[0101] Referring to FIG. 16, after the control routine
starts, a counter not shown counts and recognizes the
number of the executions Ad of the advance control in
the present segment, that is, the number of the settings
of a control variable which improves the combustion sta-
bility, in accordance with the judgement by the judging
means 46c as will be described (at step S41).
[0102] If the number of the executions of the advance
control is confirmed to be zero or relatively small at step
S41, a nominal value αn is set to 1° (at step S42). The
nominal value αn indicates an incremental ignition re-
tard amount by which the ignition timing in the previous

control is to be retarded for providing the ignition timing
in the present control. If the number of the executions
of the advance control is confirmed to be medium, the
nominal value αn is set to 0.5° (at step S43). If the
number of the execution of the advance control is con-
firmed to be large, the nominal value αn is set to 0.25°
(at step S44).
[0103] Then, a measured value of the mean deviation
σ, which has been obtained in a control for measuring
the mean deviation as described later, is read (at step
S45), a difference β between a predictive value of the
mean deviation σ calculated in the previous control and
the measured value of the mean deviation σ is calculat-
ed (at step S46), and a judgement is made as to whether
the difference β is in a specified (predetermined or pre-
determinable) allowable range (at step S47).
[0104] If YES at step S47, that is, the difference β is
in the allowable range, an incremental ignition retard
amount α to be used for the present control is set to the
nominal value αn which has been determined either at
steps S41, S42, or S43 (at step S48). Then, a predictive
value of the mean deviation σ in the case that an ignition
timing control is performed based on the incremental ig-
nition retard amount α, is calculated on the basis of the
least squared method, using the values of the mean de-
viation σ in the storage means 46e. The values of the
mean deviation σ are, the latest four measured values
actually acquired in the control for measuring the mean
deviation σ, or data determined by step S37 in the com-
plementary control for control data shown in FIG. 15 (at
step S49).
[0105] Immediately after engine start or other condi-
tion with no measured values being measured by the
mean deviation measuring means 46b, four reference
data in the storage means 46e are used to calculate the
predictive value of the mean deviation σ on the basis of
the least squared method. The reference data are
standard data, which have been predetermined so as to
be equivalent to the measured values of the mean de-
viation σ in the case that ignition timing is sequentially
retarded by 1° from the timing which is advanced by 4°
from an initial timing (or a fundamental ignition timing).
The initial timing is set so as to be unlikely to impair the
combustion stability.
[0106] If NO at step S47, that is, the difference the
difference β is out of the predetermined allowable range,
the incremental ignition retard amount α for the following
control is set to -1° (at step S50). Then, the counter for
counting the number of the executions of the advance
control is incremented by 1 (at step S51), and at step
S49, the predictive value of the mean deviation σ in the
case of the advance of the ignition timing is calculated
on the basis of the least squared method using the
measured values of the mean deviation σ stored in the
storage means 46e.
[0107] Next, the ignition timing IG is updated (IG = IG
- α) based on the incremental ignition retard amount α
set by step S48 or step S50 to determine a final retard
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amount (control variables for the adjusting means) for
correcting the fundamental ignition timing (at step S52),
and the injection timing INJ is updated (INJ = INJ - α)
based on the retard amount α (at step S53), so as to
provide the injection timing INJ a certain period earlier
than the ignition timing IG.
[0108] A control routine for measuring the mean de-
viation σ will now be described with reference to the flow
chart shown in FIG. 17. The control routine for measur-
ing the mean deviation σ runs separately from the
roughness control described above. After the control
routine for measuring the mean deviation σ starts, firstly,
the angular velocity fluctuation detecting means 45 de-
tects fluctuation data indicative of the fluctuation in an-
gular velocity (at step S61). Then, noise components
are preferably removed or filtered from the fluctuation
data (at step S62), and the fluctuation data preferably
substantially without noise components is stored in the
storage means 46e (at step S63).
[0109] Next, a judgement is made as to whether a tim-
er has counted a certain (predetermined or predetermi-
nable) period of time, during which a certain number of
the fluctuation data are collected (at step S64). At the
time when the step judges YES, the mean deviation
measuring means 46a calculates the mean deviation σ
of the fluctuation in angular velocity in accordance with
the following formula (at step S65), and the routine re-
turns.

Where, dω[i] is a deviation data measured during the
predetermined sampling time, from which noise compo-
nents are removed;
dωf is a mean value of each fluctuation data above; and
N is the number of the counts of the deviation data.
[0110] As described above, there is provided a control
apparatus for an engine comprising, angular velocity
fluctuation detecting means 45 for detecting the fluctu-
ation in angular velocity of engine rotation, adjusting
means including an injector 28 for adjusting a combus-
tion condition of the engine, and/or roughness control
means 46 which sets or determines a control variable
for the adjusting means (or the amount of ignition retard)
so as to maintain the combustion stability of the engine
within a certain range, wherein, a judgement is made as
to whether the engine is in the stable combustion con-
dition by judging means 46c based on a difference be-
tween a measured value of the mean deviation σ of the
fluctuation in angular velocity actually measured by
mean deviation measuring means 46a and a predictive
value of the mean deviation σ calculated by predictive
value calculating means 46b. Accordingly, the determi-
nation is accurately made as to whether the engine is in
the stable combustion condition without any erroneous

determination, even in the engine in which the engine
rotation remarkably tends to fluctuate, or in an engine
which executes a lean combustion mode where the air-
fuel ratio A/F in combustion chambers is adjusted to be
significantly lean of the stoichiometric air-fuel ratio A/F
during low load and low speed condition and fuel is di-
rectly injected into the combustion chambers at prede-
termined timings so as to cause the resultant mixture,
which has been stratified in the vicinity of spark plugs,
to combust.
[0111] FIG. 18 is a graph chart showing the change
in mean deviation σ, when the roughness control is per-
formed which gradually retards ignition timing from the
initial timing at which the combustion stability is not im-
paired in the engine described above. A solid line indi-
cates the change in measured value; a broken line indi-
cates the change in predictive value. This data proves
that, even while the combustion is stable, the fluctuation
(or increase and/or decrease) in measured value of the
mean deviation σ is enlarged as the amount of ignition
retard increases, and the fluctuation in measured value
becomes more remarkable while the difference between
the measured value of the mean deviation σ and the pre-
dictive value of the mean deviation σ increases as the
amount of ignition retard approaches the misfire region
after exceeding a certain amount. Accordingly, a deter-
mination can be made as to whether the ignition timing
has closely approached the misfire region, in accord-
ance with the judgement made by the judging means
46c as to whether the difference between the measured
value of the mean deviation σ and the predictive value
of the mean deviation σ is in the predetermined allowa-
ble (predetermined or predeterminable) range k with its
center being the predictive value.
[0112] If the judging means 46c judges that the differ-
ence between the measured value of the mean devia-
tion σ and the predictive value of the mean deviation σ
is out of the allowable range k, the control variable in-
dicative of the amount of ignition retard is set so as to
improve the combustion stability of the engine and the
fuel injection timing is correspondingly corrected, so that
the ignition timing is reliably prevented from entering the
misfire region while improving fuel efficiency by retard-
ing as much as possible within the stable combustion
limit, as shown in FIG. 19.
[0113] Moreover, in accordance with a preferred em-
bodiment described above, the predicted value of the
mean deviation σ, in the case that the control variables
indicative of the amount of ignition retard are changed,
are determined preferably on the basis of the least
squared method using the latest plural measured values
which are measured by the mean deviation measuring
means 46b. Accordingly, the predictive value of the
mean deviation σ is easily and accurately determined.
[0114] Alternatively, the predicted value of the mean
deviation σ may be determined on the basis of the other
method, such as the successive approximation, succes-
sive over relaxation method, or steepest descent meth-
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od using the latest plural measured values which are
measured by the mean deviation measuring means
46b. Especially, the successive approximation advanta-
geously provides an accurate calculation for the predic-
tive value of the mean deviation σ.
[0115] Further, in accordance with the preferred em-
bodiment described above, the mean deviation σ of the
fluctuation in angular velocity measured for each of plu-
ral control variables by the mean deviation measuring
means 46a are stored in the storage means 46e sepa-
rately by the operational segments divided with respect
to engine rotational speed and engine load, and, when
the engine shifts to another operational segment, the
mean deviation σ for the operational segment is read
from the storage means 46e and is used to control the
adjusting means including the injector 28. Accordingly,
a meticulous roughness control for each segment is pro-
vided for the engine, thereby effectively improving fuel
efficiency while maintaining the preferable combustion
stability of the engine.
[0116] Especially, as shown in the preferred embodi-
ment, data for the operational segment with a sufficient
number of stored data of a mean deviation σ and a suf-
ficient number of the shift in control variable towards the
stable combustion limit (for more amount of retard) are
reflected on or diverted to the control of the adjusting
means including the injector 28 in an operational seg-
ment with an insufficient number of stored data of a
mean deviation σ. Accordingly, the optimized ignition
timing can be determined more quickly than the case
with the control of gradually retarding the ignition timing
from the initial timing for each operational segment.
[0117] Moreover, in accordance with the preferred
embodiment, when the control variable for the adjusting
means shifts towards the stable combustion limit (for
more amount of retard), the number of the judgements
made by the judging means 46c that the measured val-
ue of the mean deviation σ is out of the allowable range
k is determined. Then, the incremental amount of the
control variable, or an incremental ignition retard
amount is reduced for the larger number of the judge-
ments. Accordingly, the deterioration in combustion sta-
bility caused by the roughness control is effectively pre-
vented while the optimum control variable is more quick-
ly determined for the adjusting means.
[0118] For example, in an operational segment where
the ignition retard is likely to deteriorate the combustion
stability under the influence of some factor, a consider-
able amount of ignition retard may possibly cause mis-
fire in the engine. This drawback can be avoided, or the
deterioration in combustion stability is prevented in the
engine, by preferably setting or determining the incre-
mental amount of the control variable to relatively small
as described above. On the other hand, in the other op-
erational segment, the ignition timing can be quickly re-
tarded to the optimum, by setting the incremental
amount of the control variable to relatively large.
[0119] Further, in accordance with the preferred em-

bodiment, in an engine comprising an air-fuel ratio con-
trol means 47 which, in accordance with the engine op-
erational condition, changes the operational mode be-
tween the lean combustion mode with a larger air-fuel
ratio A/F than the stoichiometric air-fuel ratio in the com-
bustion chamber 4 and the rich combustion mode with
an air-fuel ratio A/F equal to or more than the stoichio-
metric air-fuel ratio in the combustion chamber 4, the
target load setting means 41 is provided which sets or
determines a target load (or target indicated mean ef-
fective pressure) to be used for engine control in shifting
to the rich combustion mode, on the basis of a control
variable (or the amount of ignition retard) set by the
roughness control means 46 during the lean combustion
mode. Accordingly, a torque shock is advantageously
prevented in the changing of the combustion mode.
[0120] Particularly, the increased amount of the en-
gine torque due to the ignition retard to the optimum tim-
ing by the roughness control means 46 is calculated
based on the control variable by the target load setting
means 41, and the control map or table or relationship
for setting or determining the target indicated mean ef-
fective pressure (or target load) is corrected based on
the increased amount of the engine torque. As a result,
a torque shock is effectively avoided in the shifting from
the lean combustion mode to the rich combustion mode
of the engine.
[0121] Especially, in accordance with the preferred
embodiment, the target load at the timing when the op-
erational mode shifts to the rich combustion mode is set
in the following manner:
Firstly, control variables for the adjusting means for each
of operational segments divided with respect to engine
rotational speed and engine load in the operational re-
gion of the lean combustion mode are set, a mean con-
trol variable for the overall lean combustion mode is de-
termined based on the control variables, and the target
load to be used when the operational mode shifts to the
rich combustion mode is set based on the mean control
variable.
Accordingly, a torque shock is easily and effectively
avoided in any case of the shifting from whichever op-
erational segments of lean combustion mode to the rich
combustion mode of the engine. Further, though the ag-
ing of the engine causes the mean control variable for
overall lean combustion mode to vary, the air-fuel ratio
control described above can accommodate the aging of
the engine by setting the target load on the basis of the
mean control variable.
[0122] It should be appreciated that the control appa-
ratus for an engine in accordance with the present in-
vention is not limited to the preferred embodiment de-
scribed above, but can be modified in various ways. For
example, the angular velocity detecting means 45 may
detect the equivalent to angular velocity, such as rota-
tional cycle, in place of angular velocity. The control var-
iable for adjusting means which maintains the engine
combustion stability within a certain range may be an
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air-fuel ratio A/F in the combustion camber, in place of
the ignition timing and the fuel injection timing.
[0123] Additionally, the roughness control in the pre-
ferred embodiment described above removes the fre-
quency components of rotational order of 0.5 and its in-
tegral multiplies of the engine rotation and the low fre-
quency components of rotational order less than 0.5 of
the engine rotation in determining the fluctuation in an-
gular velocity from the angular velocity data, in a con-
stant manner. However, the frequency components of
rotational order of 0.5 and its integral multiplies of the
engine rotation may be preferably removed when the
engine operates at relatively high rotational speed, be-
cause the effect of resonance caused by the combustion
increases for the higher rotational speed of the engine.
[0124] As described above, in accordance with a pre-
ferred embodiment of the present invention, there is pro-
vided a control apparatus for an engine comprising, an-
gular velocity fluctuation detecting means 45 for detect-
ing the fluctuation in angular velocity of engine rotation,
adjusting means 8; 28; 43; 44 for adjusting a combustion
condition of the engine 1, and roughness control means
which sets or determines a control variable for the ad-
justing means 8; 28; 43; 44 so as to maintain the com-
bustion stability of the engine 1 within a certain (prede-
termined or predeterminable) range, wherein, mean de-
viation measuring means is provided which measures
or determines a mean deviation σ of the fluctuation in
angular velocity, for a plurality of control variables (IG,
INJ and/or A/F) set by the roughness control means 46
under the same operational condition of the engine 1,
predictive value calculating means 46b is provided
which calculates a predictive value in the case that a
control variable for the adjusting means 8; 28; 43; 44 is
changed, on the basis of the measured value of the
mean deviation σ determined for the plural control var-
iables (IG, INJ and/or A/F), and judging means 46c is
provided which judges of the engine 1 is in the proper
combustion condition, from a difference between the
predictive value and the measured value of the mean
deviation σ measured after the change in control varia-
ble (IG, INJ and/or A/F). Accordingly, in an engine 1 in
which the engine rotation remarkably tends to fluctuate
even when the engine 1 is in the stable combustion re-
gion, the judgement can be accurately made without any
erroneous determination as to whether the engine 1 is
brought to the stable combustion condition by the exe-
cution of the roughness control for effectively preventing
the misfire condition of the engine, while improving fuel
efficiency by setting ignition timing close to the stable
combustion limit.

Claims

1. A control apparatus (40) for an engine (1) compris-
ing,

angular velocity fluctuation detecting means
(45) for detecting the fluctuation in angular ve-
locity of engine rotation,
adjusting means (8, 28, 43, 44) for adjusting a
combustion condition of the engine (1),
roughness control means (46) which sets a
control variable (IG; INJ; A/F) for the adjusting
means (8, 28, 43, 44) so as to maintain the
proper combustion stability of the engine (1),
mean deviation measuring means (46a) which
measures a mean deviation (σ) of the fluctua-
tion in angular velocity, for each of a plurality of
control variables (IG; INJ; A/F) set by the rough-
ness control means (46) under the same oper-
ational condition of the engine (1),
predictive value calculating means (46b) which
calculates a predictive value of the mean devi-
ation (σ) in the case that a control variable (IG;
INJ; A/F) for the adjusting means (8, 28, 43, 44)
is changed, on the basis of the measured value
of the mean deviation (σ) determined for each
of the plural control variables (IG; INJ; A/F), and
judging means (46c) which judges if the engine
(1) is in the proper combustion condition, from
a difference (β) between the predictive value
and the measured value of the mean deviation
(σ) measured after the change in control varia-
ble (IG; INJ; A/F).

2. The control apparatus (40) for an engine (1) as de-
fined in claim 1, further comprising,

control variable setting means (46d) which sets
a control variable (IG; INJ; A/F) for the engine
(1) according to the judgement by said judging
means (46c),

wherein, said judging means (46c) judges if a
difference (β) between the predictive value of the
mean deviation (σ) predicted in a previous control
and the measured value of the mean deviation (σ)
measured after a change in control variable (IG;
INJ; A/F) is within a specified allowable range (k),
and

said control variable setting means sets a
control variable (IG; INJ; A/F) for the adjusting
means (8, 28, 43, 44) so as to improve the combus-
tion stability of the engine (1), if said judging means
(46c) judges that the difference (β) between the pre-
dictive value and the measured value of the mean
deviation (σ) is out of the allowable range (k).

3. The control apparatus (40) for an engine (1) as de-
fined in any one of the preceding claims,

wherein, said predictive value calculating
means (46b) calculates the predicted value of the
mean deviation (σ) on the basis of the least squared
method using the latest plural measured values
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which are measured by said mean deviation meas-
uring means (46a).

4. The control apparatus for an engine as defined in
claim 1 or 2,

wherein, said predictive value calculating
means (46b) calculates the predicted value of the
mean deviation (σ) on the basis of the successive
approximation using the latest plural measured val-
ues which are measured by said mean deviation
measuring means (46a).

5. The control apparatus (40) for an engine (1) as de-
fined in any one of the preceding claims, further
comprising,

storage means (46e) which at least temporarily
stores the mean deviation (σ) of a fluctuation in
angular velocity, and/or
operational region determining means (42)
which determines an operational segment of an
operational region in which the engine (1) is op-
erating, the operational segments being divid-
ed with respect to engine rotational speed and
engine load,

wherein, said mean deviation measuring
means (46a) preferably stores the mean deviation
(σ) of a fluctuation in angular velocity measured for
each of plural control variables (IG; INJ; A/F) in said
storage means (46e) correspondingly to the opera-
tional segments, and

said control variable setting means (46d) pref-
erably reads the mean deviation (σ) for the opera-
tional segment from said storage means (46e) and
uses the mean deviation (σ) to control the adjusting
means (8, 28, 43, 44), when the engine (1) has shift-
ed to another operational segment.

6. The control apparatus (40) for an engine (1) as de-
fined in claim 5,

wherein, said control variable setting means
(46d) reflects data corresponding to the operational
segment with a sufficient number of stored data of
the mean deviation (σ) and a sufficient number of
the shift in control variable (IG; INJ; A/F) towards
the stable combustion limit, to control the adjusting
means (8, 28, 43, 44) in an operational segment
with an insufficient amount of stored data of the
mean deviation (σ).

7. The control apparatus (40) for an engine (1) as de-
fined in any one of the preceding claims,

wherein, said control variable setting means
(46d) determines the number of the judgement by
the judging means (46c) that the measured value
of the mean deviation (σ) is out of the allowable
range (k) and reduces an incremental amount (α)

of the control variable (IG; INJ; A/F) for the more
number of the judgements, when shifting the control
variable (IG; INJ; A/F) for the adjusting means (8,
28, 43, 44) towards the stable combustion limit.

8. The control apparatus (40) for an engine (1) as de-
fined in any one of the preceding claims, further
comprising,

air-fuel ratio control means (47) which, in ac-
cordance with the engine operational condition,
changes the operational mode between the
lean combustion mode with a larger air-fuel ra-
tio than the stoichiometric air-fuel ratio in a
combustion chamber (3) of the engine (1) and
the rich combustion mode with an air-fuel ratio
equal to or more than the stoichiometric air-fuel
ratio in the combustion chamber (3), and
target load setting means (41) which sets a tar-
get load to be used for engine control in shifting
to the rich combustion mode, on the basis of a
control variable (IG; INJ; A/F) set by the rough-
ness control means (46) during the lean com-
bustion mode.

9. The control apparatus (40) for an engine (1) as de-
fined in claim 8, wherein,

said control variable setting means (46d) sets
control variables (IG; INJ; A/F) for the adjusting
means (8, 28, 43, 44) for each of the operational
segments in the operational region of the lean com-
bustion mode, and determines a mean control var-
iable for the overall lean combustion mode on the
basis of the control variables (IG; INJ; A/F), and

said target load setting means (41) sets the
target load to be used when the operational mode
shifts to the rich combustion mode, on the basis of
the mean control variable determined by said con-
trol variable setting means (46d).

10. An engine (1) equipped with the control apparatus
(40) as defined in any one of the preceding claims.

11. The engine (1) as defined in claim 10,
wherein the engine (1) controls an injector

(28) of the engine (1) to inject fuel directly into the
combustion chamber (3) during the compression
stroke so as to stratify mixture in the vicinity of the
spark plug (8) of the engine (1) at an ignition timing.

12. The engine (1) as defined in claim 10,
wherein the engine (1) produces tumble flow

in a combustion chamber (3) of the engine (1) dur-
ing the compression stroke, and controls an injector
(28) of the engine (1) to inject fuel directly into the
combustion chamber (3) in the substantially oppo-
site direction against the tumble flow so as to stratify
mixture in the vicinity of a spark plug (8) of the en-
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gine (1) at an ignition timing, as a result of the col-
lision of the tumble flow and the injected fuel.

13. A control method for an engine (1), the engine (1)
including angular velocity fluctuation detecting
means (45) for detecting the fluctuation in angular
velocity of engine rotation, adjusting means (8, 28,
43, 44) for adjusting a combustion condition of the
engine (1), and roughness control means (46)
which sets a control variable (IG; INJ; A/F) for the
adjusting means (8, 28, 43, 44) so as to maintain
proper the combustion stability of the engine (1),
comprising the following steps of:

measuring a mean deviation (σ) of the fluctua-
tion in angular velocity, for each of a plurality of
control variables (IG; INJ; A/F) set by the rough-
ness control means (46) under the same oper-
ational condition of the engine (1),
calculating a predictive value of the mean de-
viation (σ) in the case that a control variable (IG;
INJ; A/F) for the adjusting means (8, 28, 43, 44)
is changed, on the basis of the measured value
of the mean deviation (σ) determined for each
of the plural control variables (IG; INJ; A/F), and
judging if the engine (1) is in the proper com-
bustion condition, from a difference (β) be-
tween the predictive value and the measured
value of the mean deviation (σ) measured after
the change in control variable (IG; INJ; A/F).

14. A computer-readable storage medium having
stored thereon a computer program, which, when
loaded onto a computer, carries out the engine con-
trol method for an engine (1) as defined in claim 13.

15. A computer program, which, when loaded onto a
computer, carries out the engine control method for
an engine (1) as defined in claim 13.
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