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(54) Engine starting system

(57) Disclosed is an engine starting system for re-
starting an automatically stopped engine in such a man-
ner as to rotate a crankshaft in a reverse rotation direc-
tion and then to rotate the crankshaft In a reverse rota-
tion direction. The engine starting system comprises
start-adequacy evaluation means operable to evaluate
the adequacy of the engine start in accordance with an
inspection engine speed defined by an engine speed Ne
at an inspection time t12 which is set at a time when a
given time lapses from initiation of the combustion in a
cylinder in the state after being stopped in a compres-

sion stroke. The engine restart system is designed such
that, when the start-adequacy evaluation means deter-
mines that the inspection engine speed is less than an
engine speed required for normally restarting the en-
gine, a start assist device is driven at a given timing. The
engine starting system of the present invention can au-
tomatically stop an engine to improve fuel consumption,
and quickly restart the engine in a manner for minimizing
the frequency in use of a starter motor and/or needless
combustion to facilitate energy saving.
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Description

TECHNICAL FIELD

[0001] The present invention relates to an engine
starting system, and more particularly to an engine start-
ing system for automatically stopping an engine in an
operating state, such as idling state, when a given au-
tomatic stop condition is satisfied, and then restarting
the engine when a given restart condition is satisfied.

BACKGROUND ART

[0002] In late years, as part of measures for reduc-
tions In fuel consumption and CO2 emissions, efforts
have been made to develop an engine staring system
intended to automatically stop an engine in an operating
state, such as an idling state, and then automatically re-
start the engine upon satisfaction of a restart condition,
e.g. a driver's action for vehicle start. From a technical
standpoint, there has been known one technique of sup-
plying fuel to a cylinder which is in an expansion stroke
position after an engine is stopped, and inducing com-
bustion In the cylinder to start the engine by means of
the resulting combustion energy, as disclosed, for ex-
ample, in the following Publications 1 and 2.

WO 01/44636 A2 [Hereinafter referred to as Pub-
lication 1]

JP 2002-4985 A1 [Hereinafter referred to as Pub-
lication 2]
As measures for achieving a higher success rate in au-
tomatically restarting the automatically stopped engine,
the Publication 1 further discloses a technique of con-
trolling an exhaust valve closing timing after an ignition
switch is turned off, so as to stop the engine at a given
crank angle.
[0003] It is also known that, when an engine cannot
be adequately started only by combustion in a cylinder
which is in an expansion stroke position after the engine
is stopped, a starter motor (motor for starting an engine)
is additionally driven to provide enhanced reliability of
engine starting, as disclosed, for example, In the Publi-
cation 2.
[0004] The engine staring system as disclosed in the
Publication 2 is designed to unexceptionally drive the
starter motor when an engine start condition is satisfied
In the state after an engine is completely stopped, as
clearly described in the paragraph [0023] of the Publi-
cation 2. That is, even if a crankshaft is stopped at a
position allowing for the so-called "direct start" (restart
based on only combustion in a cylinder) by use of the
control technique as disclosed in the Publication 1, the
advantage of this control technique cannot be utilized.
Thus, it can be hardly said that this system is adapted
to sufficiently suppress electric power consumption.
Moreover, the system in the Publication 2 is designed
such that a fuel is periodically injected into the cylinder
in an expansion stroke, to maintain a given engine

speed, during the period from the stop of the engine
through until the engine start condition is satisfied. This
control also leads to consumption of needless fuel.
[0005] Further, even if a piston is stopped at a desired
phase angle, a success probability of the so-called "di-
rect start" will not be always 100 %. Thus, when the suc-
cess of the direct start cannot be expected, the starter
motor has to be promptly activated or driven to quickly
start the engine.
[0006] In view of the above circumstances, it is an ob-
ject of the present invention to provide an engine starting
system capable of automatically stopping an engine to
improve fuel consumption, and quickly restarting the en-
gine in a manner for minimizing the frequency in use of
a starter motor and/or needless combustion to facilitate
energy saving.

SUMMARY OF INVENTION

[0007] The present invention provides an engine
starting system for use in a vehicle equipped with a
4-stroke engine where one power cycle consisting of in-
take, compression, expansion and exhaust strokes is
produced by two reciprocating motions of a piston. The
engine includes: fuel supply means for supplying fuel
into each of a plurality of cylinders; a plurality of spark
plugs provided in the cylinders, respectively; rotational
speed detection means for detecting an engine speed;
and a start assist device adapted to drive a crankshaft
of the engine using a motor. The engine starting system
comprises: automatic stop control means operable, up-
on satisfaction of a predetermined automatic engine
stop condition, to allow the supply of a fuel for maintain-
ing an operating state of the engine to be interrupted so
as to automatically stop the engine; start control means
operable, upon satisfaction of a restart condition for re-
starting the automatically stopped engine, to allow the
spark plug of at least the cylinder in the state after being
stopped in an expansion stroke to ignite a fuel supplied
into the cylinder and induce combustion in the cylinder,
so as to automatically restart the engine: start-adequacy
evaluation means for evaluating whether the engine
start based on the start control means Is adequate; and
assist drive control means operable, when the start-ad-
equacy evaluation means determines that the engine
start based on the start control means is inadequate, to
drive the start assist device. In this engine starting sys-
tem, the start-adequacy evaluation means Is operable
to receive from said engine speed detection means an
inspection engine speed defined by an engine speed
detected at an inspection time which is set at a time
when a given time lapses from initiation of the combus-
tion In the cylinder in the state after being stopped In the
compression stroke, and evaluate the adequacy of the
engine start in accordance with the inspection engine
speed; and the assist drive control means is operable,
when the start-adequacy evaluation means determines
that the inspection engine speed is less than a given
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engine speed required for adequately restarting the en-
gine, to drive the start assist device around a zero-speed
time when the crankshaft has a transition In rotation di-
rection from a reverse direction occurring after an en-
gine speed is lowered to zero, to a normal direction.
[0008] In the present invention, when a given restart
condition is satisfied after stop of the engine, an engine
speed is detected at the inspection time. When the en-
gine speed at the inspection time is less than a given
value, it is be determined the so-called direct start fails,
and then the start assist device is driven and associated
with the engine having a relative low engine speed, to
assist the restart of the engine.
[0009] Preferably, the start assets device includes a
starter motor having a pinion gear engageable with a
ring gear fixed to a flywheel of the engine. The starter
motor to be used In the present invention is not limited
to the type where a driving power is output from the pin-
ion gear, but may be any other suitable type, such as a
belt type.
[0010] In another specific embodiment, the assist
drive control means is operable to drive the start assist
device after the crankshaft has the transition in rotation
direction from the reverse direction to the normal direc-
tion, and In a time range near to the second zero-speed
time.
[0011] In another specific embodiment, the start as-
sist device includes a pinion gear engageable with a ring
gear provided in the engine, and the assist drive control
means is operable to set around the zero-speed time an
engagement time when the pinion gear is brought into'
engagement with the ring gear, and drive the start assist
device after completion of the engagement between the
pinion gear and the ring gear.
[0012] According to this embodiment, the pinion gear
of the start assist device is brought into engagement
with the ring gear after the crankshaft has the transition
in rotation direction from the reverse direction to the nor-
mal direction and in a time range near to the second
zero-speed time. Thus, even in the type where the pin-
ion gear is brought into engagement with the ring gear,
in the state when it is rotated in a direction opposite to
that of the ring gear crankshaft, the engagement can be
achieved without load onto the start assist device.
[0013] In another specific embodiment, the engine
speed detection means is operable to send to the assist
drive control means an assist-control reference time de-
fined by a time when an engine speed is lowered from
the inspection engine speed to zero, and the assist drive
control means is operable to calculate the zero-speed
time in accordance with the assist-control reference
time and determine a time range of the engagement be-
tween the pinion gear and the ring gear in accordance
with the calculated zero-speed time.
[0014] According to this embodiment, the calculations
for the engagement time can be initiated in the stage
where the start-adequacy evaluation means determines
evaluates the necessity of the start assist device, and

quickly determine the engagement time between the
pinion gear and the ring gear.
[0015] In another specific embodiment, the assist
drive control means is operable to calculate a driving
delay time-period in the start assist device, and deter-
mine an output time of a drive signal In accordance with
the calculated driving delay time-period in such a man-
ner as to allow the drive signal to be output to the start
assist device at a time earlier than the zero-speed time.
[0016] According to this embodiment, the driving de-
lay time-period in the start assist device is included in
one of control parameters. Thus, even if the start assist
device has a time lag between the receiving of the drive
signal and the driving of the engine, an intended assist
initiation time can be reliably set.
[0017] In another specific embodiment, the start-ade-
quacy evaluation means is operable, when the restart
of the engine is successfully initiated, to estimate a time
when the cylinder in the state after being stopped in an
expansion stroke firstly reaches a top dead center In an
exhaust stroke, so as to define the estimated time as
the inspection time, and evaluate the adequacy of the
engine restart in accordance with the inspection engine
speed defined by an engine speed detected at the de-
fined inspection time and received from the rotational
speed detection means.
[0018] According to this embodiment, when the re-
start of the engine is successfully initiated, the inspec-
tion time corresponding to the evaluation time for the
start-adequacy evaluation means is set at the time when
the cylinder in the state after being stopped in an expan-
sion stroke firstly reaches a top dead center in an ex-
haust stroke, This makes it possible to determine the
inspection time in accordance with a phase of the crank-
shaft corresponding to the inspection time.
[0019] As above, according the present invention, the
success/fallure or adequacy of the so-called direct start
is determined based on the engine speed at the inspec-
tion time. Thus, even if the restart control is initiated after
stop of the engine, the start assist device will not be al-
ways driven. This can contributes to energy saving as
compared the conventional technique disclosed in the
aforementioned Publication 2.
[0020] Particularly, in one aspect of the present inven-
tion, where the start assist device is driven after the en-
gine crankshaft has the transition in rotation direction
from the reverse direction to the normal direction and in
a time range near to the zero-speed time, the start assist
device can assist the engine start in the stage where a
load to be imposed on the start assist device is mini-
mum. Thus, the start assist device can have reduced
load and enhanced reliability. In addition, this can con-
tribute to enhancement In durability of the start assist
device itself.
[0021] Further, in another aspect of the present inven-
tion, where the start assist device includes the pinion
gear engageable with the ring gear associated with the
engine, and the assist drive control means is operable,
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after the engine crankshaft has the transition in rotation
direction from the reverse direction to the normal direc-
tion, to determine the timing of engagement with the pin-
ion gear 36a in the time range near to the zero-speed
time, and to allow the assist operation based on the start
assist device to be initiated after the engagement be-
tween the pinion gear and the ring gear, the engagement
can be achieved without load onto the start assist device
even in the type where the pinion gear is brought into
engagement with the ring gear, in the state when it is
rotated by driving motor In a direction opposite to that
in which the ring gear is to be rotated,. This can contrib-
ute to enhancement in reliability and durability of the
start assist device.
[0022] In still another aspect of the present invention,
where the rotational speed detection means are opera-
ble to send to the assist drive control means an assist-
control reference time defined by a time when an engine
speed is lowered from the inspection engine speed to
zero, and the assist drive control means is operable to
calculate the zero-speed time in accordance with the re-
ceived assist-control reference time and determine the
time range of the engagement between the pinion gear
and the ring gear in accordance with the calculated zero-
speed time, the load onto the start assist device can be
further reduced to contribute to enhancement in reliabil-
ity and durability.
[0023] In yet still another aspect of the present inven-
tion, where the assist drive control means is operable to
calculate the driving delay time-period in the start assist
device, and determine the an output time of the drive
signal in accordance with the calculated driving delay
time-period In such a manner as to allow the drive signal
to be output at a time earlier than the zero-speed time,
the driving delay time-period in the start assist device is
included in one of control parameters. Thus, even if the
start assist device has a time lag between the receiving
of the drive signal and the driving of the engine, an in-
tended assist initiation time can be reliably set. This
makes it possible to allow tolerance of the driving delay
time-period in the start assist device to be relaxed so as
to provide applicability of various types of alternators
and contribute to cost reduction.
[0024] In another further aspect of the present inven-
tion, where, when the restating of the engine is success-
fully initiated, the start-adequacy evaluation means is
operable to estimate a time when the cylinder in the
state after stopped in an expansion-stroke cylinder first
reaches a top dead center in an exhaust stroke, so as
to defined the estimated time as the inspection time, and
evaluate the adequacy of the engine restart in accord-
ance with an inspection engine speed defined by the en-
gine speed detected at the inspection time and received
from the rotational speed detection means, the inspec-
tion time can be estimate relatively accurately. This has
an advantage of being able to accurately evaluate the
adequacy of the inspection engine speed and detect the
inspection engine speed readily and accurately so as to

achieve enhanced control accuracy.

BRIEF DESCRIPTION OF DRAWINGS

[0025]

FIG. 1 is a partial sectional schematic diagram of
an engine having an engine starting system accord-
ing to one embodiment of the present invention.
FIG. 2 is an explanatory diagram showing the struc-
ture of an intake system and an exhaust system of
the engine.
FIG 3 a partially broken-out sectional schematic di-
agram showing the structure of a starter motor.
FIGS. 4A and 4B are explanatory diagrams showing
the relationship between a piston stop position and
an air quantity in each of two cylinders to be, re-
spectively, in an expansion stroke and a compres-
sion stroke just before stop of the engine.
FIG. 5 is a time chart showing changes in engine
speed during an engine stop control.
FIG. 6 is a fragmentary enlarged diagram of the time
chart in FIG. 5, wherein changes In crank angle and
transitions of the strokes in each cylinder are addi-
tionally Illustrated.
FIG. 7 is a flowchart showing the process of detect-
ing a piston stop position.
FIGS. 8A and 8B are explanatory diagrams showing
a crank angle signal and an output signal,
FIG. 9 is a graph showing the relationship between
a lapsed time after stop of the engine and an esti-
mated in-cylinder temperature.
FIG. 10 is a graph showing the relationship between
a crank angle corresponding to a fuel injection tim-
ing for a first combustion in a cylinder in an expan-
sion stroke during an engine restart control, and a
crank angle corresponding to a reachable piston
position based on the fuel injection timing.
FIG. 11 is a graph showing the relationship between
an engine speed and a crank angle during the en-
gine restart control.
FIG. 12 is a flowchart showing the process of the
engine restart control.
FIG. 13 is a flowchart showing the process of the
engine restart control.
FIG. 14 is a flowchart showing the process of the
engine restart control.
FIG. 15 is a flowchart showing the process of the
engine restart control.
FIG. 16 is a flowchart showing the process of the
engine restart control.

DETAILED DESCRIPT10N OF THE INVENTION

[0026] FIGS. 1 and 2 schematically show the struc-
ture of a four-stroke spark-ignition internal combustion
engine having an engine starting system according to
one embodiment of the present invention. This engine
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comprises an engine body 1 including a cylinder head
10 and a cylinder block 11, and an engine control ECU
(electronic control unit) 2. The engine body 1 has four
cylinders (a cylinder #1 or 12A, a cylinder #2 or 12B, a
cylinder #3 or 12C and a cylinder #4 or 12D), and a pis-
ton 13 connected to a crankshaft 3 is slidably fitted In
each of the cylinders 12A to 12D to define a combustion
chamber 14 thereabove.
[0027] In this embodiment, a cylinder which is or was
in a compression stroke during an after-mentioned au-
tomatic engine stop control, and a cylinder which is or
was in an expansion stroke during the automatic engine
stop control, are referred to, respectively, as "compres-
sion-stroke cylinder" and "expansion-stroke cylinder" (in
the same way, a cylinder which is or was in an intake
position during the automatic engine stop control, and
a cylinder which is or was in an exhaust stroke during
the automatic engine stop control, are referred to, re-
spectively, as "intake-stroke cylinder" and "exhaust-
stroke cylinder"). However, as used In the specification,
each of these terms does not fixedly mean a specific
cylinder, but expediently expresses each cylinder in ac-
cordance with the stroke of the cylinder during, or just
before the completion of, the automatic engine stop con-
trol.
[0028] The combustion chamber 14 in each of the cyl-
inders 12A to 12D has a top wall portion provided with
a spark plug 15 whose tip is exposed to the combustion
chamber 14. Each of the spark plugs 15 is electrically
connected to an ignition device 27 for activating the cor-
responding spark plug 15 to generate an electric spark
therein. Further, a fuel injection valve 16 is attached to
a side wall portion of the combustion chamber 14 in each
of the cylinders 12A to 12D to inject fuel directly into the
combustion chamber 14, This fuel injection valve 16 in-
ternally having a needle valve (not shown) and a sole-
noid (not shown) is designed such that the solenoid is
driven for a period of time corresponding to a pulse width
of a pulse signal entered therein from a fuel injection
control section 41 of the ECU 2, to open the needle valve
so as to inject fuel in an amount proportional to the valve
open period, toward and around electrodes of the spark
plug 15.
[0029] The combustion chamber 14 in each of the cyl-
inders 12A to 12D also has an upper wall portion formed
with an intake port 17 and an exhaust ports 18 each ex-
tending to open into the combustion chambers 14. The
Intake port 17 is equipped with an intake valve 19, and
each of the exhaust ports 18 is equipped with an exhaust
valve 20. The intake valve 19 and the exhaust valve 20
are designed to be driven by a valve operating mecha-
nism including a camshaft (not shown), so that respec-
tive opening/closing timings of the intake and exhaust
valves 19, 20 in the cylinders 12A to 12D are set to allow
a four-stroke combustion or power cycle to be per-
formed in the cylinders 12A to 12D with a given phase
differences therebetween.
[0030] The intake port 17 and the exhaust port 18 are

in fluid communication with an intake passage 21 and
an exhaust passage 22, respectively. As shown in FIG.
2, a downstream portion of the intake passage 21 on the
side closer to the intake port 17 is formed as an intake
manifold with four independent passages 21 a corre-
sponding to the cylinders 12A to 12D, and respective
upstream ends of the intake manifold passages 21 a are
in fluid communication with a surge tank 21 b. An up-
stream portion of the intake passage 21 relative to the
surge tank 21 b is formed as a common intake passage
21 c which is provided with a throttle valve 23 designed
to be driven by an actuator 24. Further, an air-flow sen-
sor 25 for detecting an intake-air flow rate and an intake-
air temperature sensor 29 for detecting an intake-air
temperature are disposed on the upstream side of the
throttle valve 23, and an intake pressure sensor 26 for
detecting an intake pressure (negative pressure) is dis-
posed on the downstream side of the throttle valve 23.
[0031] As shown in FIGS. 1 and 2, a portion of the
exhaust passage 22 on the downstream side of an ex-
haust manifold for collectively receiving exhaust gas
from the cylinders 12A to 12D is provided with a catalytic
converter 37 for purifying the exhaust gas. For example,
the catalytic converter 37 contains a three-way catalyst
which exhibits a significantly high conversion rate of HC,
CO and NOx when an air-fuel ratio of exhaust gas is
close to a theoretical value. More specifically, the three-
way catalyst has an ability of absorbing and storing ox-
ygen therein in an oxygen-rich atmosphere or when ex-
haust gas has a relatively high oxygen concentration,
and releasing the stored oxygen to induce a reaction
with HC, CO, etc. when exhaust gas has a relatively low
oxygen concentration. The catalyst to be used for the
catalytic converter 37 is not limited to the three-way cat-
alyst, but may be any other suitable catalyst having the
aforementioned oxygen absorbing/storing ability, for ex-
ample, the so-called lean NOx catalyst capable of puri-
fying NOx in an oxygen-rich atmosphere.
[0032] An alternator 28 is attached to the engine body
1 and connected to the crankshaft 3 through a timing
belt or the like. This alternator 28 is internally provided
with a regulator circuit 28a for controlling a current to be
applied to a field coil (not shown) thereof to regulate an
output voltage so as to adjust an output, and designed
to be controlled according to a control signal sent from
the ECU 2 to the regulator circuit 28a so as to generate
an output in proportion, for example, to an electric load
of a vehicle and a voltage of a battery mounted on the
vehicle.
[0033] The engine is provided with a pair of first and
second crank angle sensors 30, 31 for detecting a rota-
tional angle of the crankshaft 3. The first crank angle
sensor 30 is operable to generate a detection signal for
use in detecting an engine speed. Further, the first and
second crank angle sensors 30, 31 are arranged to gen-
erate detection signals having a phase lag, and these
detection signals are used to detect a rotation direction
and a rotational angle of the crankshaft 3, as described
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later in more detail.
[0034] The engine body 1 is also provided with a cam
angle sensor 32 for detecting a specific rotational posi-
tion of the camshaft to discriminate the cylinders from
each other, and a coolant temperature sensor 33 for de-
tecting an engine coolant temperature. Further, an ac-
celerator-pedal angle sensor 34 is associated with an
accelerator pedal mounted on the vehicle body to detect
an accelerator-pedal angle corresponding to a displace-
ment of the accelerator pedal caused by a driver's op-
eration.
[0035] A flywheel (not shown) and a ring gear 35 fixed
to the flywheel are fixedly attached to the crankshaft 3
concentrically with respect to the rotational axis of the
crankshaft 3. The ring gear 35 is an input member for a
starter motor 36 serving as a start assist device, and
designed to be engageable with an after-mentioned pin-
ion gear 36d of the starter motor 36.
[0036] Referring to FIG. 3, the starter motor 36 in-
cludes a driving motor 36a, an electromagnetically- driv-
en plunger 36b disposed parallel to the driving motor
36a, and a pinion gear 36d which is slidably fitted on an
output shaft of the driving motor 36a in a non-rotatable
manner relative to the output shaft, and adapted to be
reciprocatingly moved along the output shaft by the
plunger 36b through a shifting lever 36c. More specifi-
cally, in an engine restart control for automatically re-
starting the engine, the plunger 36b is operable to move
the pinion gear 36d from a standby position indicated by
the solid lines in FIG. 3 to an engagement position indi-
cated by the two-dot chain lines in FIG. 3 and bring the
pinion gear 36d Into engagement with the ring gear 35
so as to rotatively drive the crankshaft 3 to restart the
engine.
[0037] The pinion gear 36d of the starter motor 36 em-
ployed in this embodiment has helically twisted teeth.
Further, in order to facilitate the engagement with the
ring gear 35, the starter motor 36 is designed such that,
when the ring gear 35 stops, the pinion gear 36d is ro-
tated at a speed of about 60 rpm in a direction opposite
to a direction in which the ring gear 35 is to be rotated,
and brought into engagement with the ring gear 35.
[0038] Referring to FIG. 1, the ECU 2 is a control unit
for generally controlling operations of the engine. The
engine starting system according to this embodiment is
designed to perform a control mode (idling stop mode)
for interrupting (cutting) fuel to be injected to the cylin-
ders 12A to 12D upon satisfaction of a predetermined
automatic engine stop condition to automatically stop
the engine, and then automatically restarting the engine
upon satisfaction of a predetermined restart condition,
e.g. for example, a driver's operation of the accelerator
pedal. The following description about the ECU 2 will be
made with the focus on this idling stop mode.
[0039] In response to receiving respective detection
signals from the air-flow sensor 25, the intake pressure
sensor 26, the intake-air temperature sensor 29, the
crank angle sensors 30, 31, the cam angle sensor 32,

the coolant temperature sensor 33 and the accelerator-
pedal angle sensor 34, the ECU 2 is operable to gener-
ate and send drive signals, respectively, to the fuel in-
jection valves 16, the actuator 24 of the throttle valve
23, the ignition device 27, the regulator circuit 28a of the
alternator 28, and the starter motor 36. The ECU 2 func-
tionally includes a fuel injection control section 41, an
ignition control section 42, an intake-air flow-rate control
section 43, an alternator output control section 44, a pis-
ton position detection section 45, an in-cylinder temper-
ature estimation section 46, an automatic stop control
section 47, a start control section 48, a start-adequacy
evaluation section 49, an air-fuel ratio control section 50
and a catalyst temperature estimation section 52.
[0040] The fuel injection control section 41 serves as
fuel injection control means for setting a fuel injection
timing and a fuel injection amount in each fuel injection
timing, and sending a control signal representing them
to the fuel injection valves 16. Particularly in this embod-
iment, a split injection technique is used to supply a fuel
for inducing a first combustion in an expansion-stroke
cylinder during the engine restart control, as described
later in more detail. The fuel injection control section 41
is also operable to set split injection timings and a fuel
split ratio.
[0041] The ignition control section 42 is operable to
set a suitable ignition timing for each of the cylinders
12A to 12D, and send an ignition signal to each of the
ignition devices 27.
[0042] The intake-air flow-rate control section 43 is
operable to set a suitable intake-air flow rate for each of
the cylinders 12A to 12d, and send a throttle opening
signal corresponding to the intake-air flow rate to the
actuator 24 of the throttle valve 23. Particularly in this
embodiment, during the automatic engine stop control,
the opening of the throttle valve 23 is controllably ad-
justed to allow the piston 13 to be stopped at a position
falling within an adequate range for restart of the engine,
as described later in more detail. Thus, the intake-air
flow-rate control section 43 is also operable to adjust
the opening of the throttle valve 23 for this purpose,.
[0043] The alternator output control section 44 is op-
erable to set a desired target output of the alternator 28,
and send a drive signal corresponding to the target out-
put to the regulator circuit 28a. Particularly in this em-
bodiment, during the automatic engine stop control, the
output of the alternator 28 is controllably adjusted to
change a load onto the crankshaft 3, so as to allow the
piston 13 to be stopped at a position falling within an
adequate range for restart of the engine, as described
later in more detail. Thus, the alternator output control
section 44 is also operable to adjust the output of the
alternator 28 for this purpose. Further, during the engine
restart control, the alternator output control section 44
is operable to allow the alternator 28 to generate a slight-
ly larger output than that in a normal operation so as to
increase an engine load to prevent the occurrence of
surging (excessively rapid increase in engine speed).
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[0044] The piston position detection section 45 is op-
erable to detect a piston position in accordance with re-
spective detection signals of the crank angle sensors
30, 31. A crank position and a crank angle (°CA) corre-
spond one-to-one with one another. Thus, in this spec-
ification, a piston position is indicated by a crank angle
as in a common practice. In this embodiment, an air
quantity in each of the expansion-stroke and compres-
sion-stroke cylinders is calculated based on each piston
position of the cylinders during the automatic engine
stop control to control combustion in each cylinder in ac-
cordance with the calculated air quantity, as described
later In more detail.
[0045] The in-cylinder temperature estimation section
46 serves as in-cylinder temperature estimation means
for estimating an in-cylinder air temperature in each of
the cylinders 12A to 12D in accordance with an engine-
coolant temperature detected by the coolant tempera-
ture sensor 33, an intake-air temperature detected by
the intake-air temperature sensor 29 or the like and by
use of a map experimentally prepared in advance or the
like. Particularly In this embodiment, during the engine
restart control, an in-cylinder temperature is estimated
in consideration of an engine stop time, or a lapsed time
after stop of the engine, to perform the combustion con-
trol in accordance with the estimated value, as de-
scribed later in more detail.
[0046] The automatic stop control section 47 serves
as automatic stop control means for allowing the fuel
injection to be interrupted upon satisfaction of a given
engine stop condition during idling, so as to automati-
cally stop the engine, as described later in more detail.
[0047] The start control section 48 serves as start
control means for allowing the automatically stopped
engine to be automatically restarted upon satisfaction
of an engine restart condition. During the engine restart
control, if the stop position of each piston 13 falls within
an after-mentioned specific range (adequate range), a
certain amount of fuel is injected to at least an expan-
sion-stroke cylinder In the state after stop of the engine,
and ignited to induce combustion therein. In this embod-
iment, an initial combustion is induced in a compression-
stroke cylinder in the state after stop of the engine to
move the piston 13 of the compression-stroke cylinder
downward, whereby the piston of an expansion-stroke
cylinder is moved upward to provide an increased in-
cylinder pressure therein. Then, a certain amount of fuel
is injected into the expansion-stroke cylinder, and ignit-
ed to induce combustion therein. That is, during the au-
tomatic engine restart control, when the piston stop po-
sition falls within an after-mentioned adequate range,
the engine crankshaft is reversely rotated in the initial
stage of the automatic engine restart control, and then
normally rotated, In this embodiment, the start control
section 48 also serves as assist drive control means.
[0048] The start-adequacy evaluation section 49
serves as start-adequacy evaluation means for evalu-
ating the adequacy of engine restart by receiving Inputs

from the piston position detection section 45 and the
sensors 30, 31 serving as an engine speed detection
section, and using an inspection engine speed defined
by an engine speed detected at Inspection Time t12 (see
FIG. 11) set after the lapse of a given time from initiation
of the combustion in the expansion-stroke cylinder.
[0049] The air-fuel ratio control section 50 serves as
air-fuel ratio control means for calculating an air-fuel ra-
tio, and determine a fuel amount to be distributed by the
fuel injection control section 41 and an intake-air flow-
rate to be controlled by the intake-air flow-rate control
section 43.
[0050] The catalyst temperature estimation section
52 serves as catalyst temperature estimation means for
estimating a temperature of the catalytic converter 37 in
accordance with an intake-air temperature detected by
the intake-air temperature sensor 29 or the like and by
use of a map experimentally prepared in advance or the
like. Particularly in this embodiment, during the engine
restart control, the catalyst temperature estimation sec-
tion 52 is operable to estimate a temperature of the cat-
alytic converter 37 so as to allow the fuel injection and
the combustion control to be performed in accordance
with the estimated value, as described later In more de-
tail.
[0051] In the idling stop mode based on the above
ECU 2, the engine restart control is performed as fol-
lows. Initially, combustion is induced in the compres-
sion-stroke cylinder to move the piston 13 of the com-
pression-stroke cylinder downward so as to reversely
rotate the crankshaft 3. Thus, the piston 13 of the ex-
pansion-stroke cylinder is moved upward (closer to a top
dead center (TDC)) to compress air (air-fuel mixture af-
ter the fuel injection) in the expansion-stroke cylinder.
In this state, the air-fuel mixture is ignited and burnt to
give a driving torque in a normal rotation direction to the
crankshaft 3 so as to restart the engine.
[0052] In order to adequately restart the engine only
by igniting a fuel injected into a specific one of the cyl-
inders without using the starter motor 36 or the like, it is
required to ensure sufficient combustion energy to be
obtained from combustion of an air-fuel mixture in the
expansion-stroke cylinder so as to allow the piston of
another cylinder (compression-stroke and intake-stroke
cylinders in this embodiment) which will reach a TDC in
a compression stroke (compression TDC) subsequently
to the piston of the expansion-stroke cylinder, to pass
through the compression TDC against a compressive
reaction force therein. Thus, a sufficient quantity of air
should be ensured in the expansion-stroke cylinder.
[0053] As shown in FIG. 4(a), the respective pistons
13 of the compression-stroke and expansion-stroke cyl-
inders are moved in opposite directions because these
cylinders are out of phase by 180°CA.
[0054] If the piston 13 of the expansion-stroke cylin-
der is located on the side of a bottom dead center (BDC)
relative to a stroke midpoint, the expansion-stroke cyl-
inder can have an increased air quantity to obtain suffi-
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cient combustion energy, as shown in FIG. 4(b). How-
ever, if the piston 13 of the expansion-stroke cylinder is
located at a position excessively close to the BDC, an
air quantity in the compression-stroke cylinder will be
excessively reduced to cause difficulties in sufficiently
obtaining combustion energy for reversely rotating the
crankshaft 3 in the initial combustion.
[0055] In contrast, if the piston 13 of the expansion-
stroke cylinder can be stopped at a position falling within
a given range R slightly closer to the BDC relative to the
stroke midpoint where a crank angle after the compres-
sion TDC is 90°CA, for example, a range R where a
crank angle after the compression TDC is in the range
of 100 to 120°CA, a given air quantity will be ensured in
the compression-stroke cylinder. This allows the initial
combustion to provide combustion energy to the extent
capable of reversely rotating the crankshaft 3 by a slight
angle. In addition, the larger air quantity contained in the
expansion-stroke cylinder makes it possible to suffi-
ciently generate combustion energy for normally rotat-
ing the crankshaft 3 so as to reliably restart the engine.
The above range R will hereinafter be referred to as "ad-
equate stop range R".
[0056] The ECU 2 (automatic stop control section 47)
performs the following control to allow the piston 13 to
be stopped at a position falling within the adequate stop
range R.
[0057] FIG. 5 is a time chart showing an engine speed
Ne, a boost pressure Bt (intake pressure) and an open-
ing K of the throttle valve 23, during an automatic stop
control based on the automatic stop control section 47.
FIG. 6 is an enlarged diagram of a portion of FIG. 5 just
before and after Time t1, wherein changes in crank an-
gle CA and transitions of the strokes in each of the cyl-
inders are additionally illustrated. For the sake of sim-
plicity, the following description will be made on the as-
sumption that the cylinders #1 or 12A, #2 or 128, #3 or
12C, #4 or 12D are expansion-stroke, exhaust-stroke,
compression-stroke and intake stroke cylinders, re-
spectively.
[0058] At Time t0 when the automatic engine stop
condition is satisfied, under the control of the ECU 2, a
target engine speed (idling engine speed when the au-
tomatic stop condition is satisfied) is stabilized at a value
slightly greater than a normal idling engine speed in en-
gine operations without the automatic engine stop con-
trol (hereinafter referred to as "normal idling engine
speed). For example, if the engine has the normal idling
engine speed set at 650 rpm (when an automatic trans-
mission is operated in a drive (D) state), the target en-
gine speed will be set at about 850 rpm (when the au-
tomatic transmission is operated in a neutral (N) range).
Further, the opening K of the throttle valve 23 is adjusted
to allow the boost pressure Bt to be stabilized at a rela-
tively high given value (about - 400 mmHg).
[0059] Then, at Time t1 when the engine speed Ne
becomes stabile at the target engine speed, under the
control of the ECU 2, the fuel injection is interrupted to

lower the engine speed Ne. Further, at Time t1 when the
fuel injection is interrupted or in the initial stage of the
automatic engine stop control, the opening K of the
throttle valve 23 is increased to allow the intake-air
quantity to be greater than that in an idling operation
under the condition that an in-cylinder air-fuel ratio is set
to have an excess air ratio λ of 1 (a minimum intake-air
quantity required for maintaining an engine operation).
More specifically, if the engine is operated in homoge-
neous combustion just before Time t1 by use of an air-
fuel mixture set to have an in-cylinder air-fuel ratio with
an excess air ratio A of 1 or about 1, the opening K of
the throttle valve 23 will be increased (for example, up
to about 30 %). If the engine is operated in stratified
combustion just before Time t1 by use of an air-fuel mix-
ture set to have a lean in-cylinder air-fuel ratio, the open-
ing K of the throttle valve 23 will be maintained as is (at
a relatively large opening in the stratified combustion).
FIGS. 5 and 6 show the former case.
[0060] As the result of the above control, the boost
pressure Bt starts increasing slightly after Time t1 (if the
engine is operated in homogeneous combustion just be-
fore Time t1), or keeps at a relatively high value (if the
engine is operated in stratified combustion just before
Time t1), to facilitate scavenging in the combustion
chamber.
[0061] Further, at Time t1, under the control of the
ECU 2, the operation of the alternator 28 is temporarily
stopped. This makes it possible to provide a reduced
rotational resistance of the crankshaft 3 so as to prevent
the engine speed Ne from being lowered excessively
rapidly.
[0062] When the fuel injection is interrupted at Time
t1 in the above manner, the engine speed Ne starts low-
ering. Then, at Time t2 when it is determined that the
engine speed Ne is lowered to a predetermined refer-
ence speed, for example, 760 rpm or less, the throttle
valve 23 is closed. Consequently, the boost pressure Bt
starts declining slightly after Time t2 to reduce an intake-
air flow rate to be supplied to each cylinder of the engine.
An air sucked during the period between Time t1 and
Time t2, or where the throttle valve 23 is opened, is in-
troduced to the intake manifold passage 21 a for each
cylinder through the common intake passage 21 c and
the surge tank 21 b. Then, the air is sequentially intro-
duced into the cylinders when each of the cylinders has
an intake stroke. In this embodiment, the air is intro-
duced Into the cylinder #4 or 12D, the cylinder #2 or 12B,
the cylinder #1 or 12A and the cylinder #1 or 12C in this
order, as seen in FIG. 6. Thus, according to the afore-
mentioned controls at Time t1 and Time t2, the cylinder
#1 or 12A (expansion-stroke cylinder) is supplied with a
greater air quantity as compared to the cylinder #3 or
12C (compression-stroke cylinder).
[0063] After Time t1, the engine is rotated only by an
inertia force. Thus, the engine speed Ne is gradually
lowered, and the engine is finally stopped at Time t5. In
this process, the engine speed Ne is lowered with re-
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peated jiggly rise-fall waves as shown in FIGS. 5 and 6
(about 10 waves in a 4-stroke 4-cylinder engine).
[0064] In the time chart of a crank angle CA illustrated
in FIG. 6, the solid line indicates a crank angle under the
condition that TDCs of the first and third cylinders 12A,
12C are set at 0 (zero)°CA, and the one-dot chain line
indicates a crank angle under the condition that TDCs
of the second and fourth cylinders 12B, 12D are set at
0 (zero)°CA. The solid line and the one-dot chain line
become opposite in phase on the basis of 90°CA. In a
4-cylinder 4-stroke engine, each piston of the cylinders
reaches a compression TDC every 180°CA in turn. That
is, this time chart shows that each piston of the cylinders
passes through a compression TDC at each peak (crank
angle = 0°CA) of the waveforms indicated by the solid
line and the one-dot chin line
[0065] A time when each piston of the cylinders reach-
es a compression TDC corresponds to a time when
each of the rise-fall waves of the engine speed Ne has
a bottom. This means that the engine speed Ne is grad-
ually lowered in such manner as to it temporarily falls
off every time each piston of the cylinders reaches a
compression TDC and then rises at the time when the
piston passes through the compression TDC to form the
jiggly rise-fall waves.
[0066] Then, in the compression-stroke cylinder 12C
whose piston will reach a compression TDC after Time
t4 when the piston of the cylinder 12A passes through
the last compression TDC, the piston 13 of the compres-
sion-stroke cylinder 12C is pushed back without passing
through the compression TDC, due to a compressive
reactive force from an in-cylinder air pressure increased
in conjunction with the upward movement of the piston
13 caused by the inertia force, and the crankshaft 3 is
reversely rotated. This reverse rotation of the crankshaft
3 increases the air pressure in the expansion-stroke cyl-
inder 12A. Then, due to the resulting compressive reac-
tion force, the piston 13 of the expansion-stroke cylinder
12A is pushed back toward a BDC, and thereby the
crankshaft starts normally rotating again. These normal
and reverse rotations of the crankshaft 3 are repeated
several times by reciprocating motions of the pistons 13,
and then the pistons 13 are finally stopped. Each stop
position of the pistons 13 is almost determined by the
balance between the respective compressive reaction
forces in the compression-stroke cylinder 12C and the
expansion-stroke cylinder 12A. Further, the piston stop
positions are affected by an air-intake resistance in the
suction-stroke cylinder 12D and a frictional resistance
of the engine, and varied depending on a rotational in-
ertia force of the engine or the level of the engine speed
Ne at Time t4 when the piston of the cylinder 12A passes
through the last compression TDC.
[0067] Thus, in order to stop the piston 13 of the ex-
pansion-stroke cylinder 12a at a position falling within
the adequate stop range R, it is required to adjust re-
spective intake-air flow rates for the expansion-stroke
and compression-stroke cylinders 12A, 12C so as to al-

low respective compressive reaction forces in the ex-
pansion-stroke and compression-stroke cylinders 12A,
12C to be sufficiently increased, and allow the compres-
sive reaction force in the expansion-stroke cylinder 12A
to be greater than that in the compression-stroke cylin-
der 12C by a given value or more. For this purpose, at
Time t1 when the fuel injection is interrupted, the throttle
valve 23 is opened, or the opening K of the throttle valve
23 is increased, to supply a given air quantity to each of
the expansion-stroke and compression-stroke cylinders
12A, 12C. Then, at Time 12 when a given time has
passed from Time t1, the throttle valve 23 is closed, or
the opening K is reduced, to adjust the intake-air quan-
tities.
[0068] During the process of lowering in engine speed
according to the above automatic engine stop control,
there is a specific correlation between the engine speed
Ne at the time when each piston of the cylinders 12A to
12D passes through a compression TDC (TDC engine
speed) and the piston stop position in the expansion-
stroke cylinder 12A. Specifically, when each TDC en-
gine speed Ne (the 2nd, 3rd, 4th, - - -, to the last TDC
engine speed just before stop of the engine) is set in a
given speed range, the probability that the piston stop
position in the expansion-stroke cylinder 12A falls within
the adequate stop range R becomes higher.
[0069] Based on this characteristic, the ECU 2 in this
embodiment performs a control for allowing a given TDC
engine speed Ne (particularly, the 2nd TDC (Time t3) to
the last compression TDC just before stop of the engine
is important) during the process of lowering in the engine
speed Ne, to fall within a given speed range so as to
more reliably stop the piston 13 of the expansion-stroke
cylinder 12A at a position falling within the adequate
stop range R. Specifically, the output of the alternator
28 is increased or reduced to adjust the load of the crank
shaft 3 (engine load) so as to allow the 2nd TDC engine
speed Ne (Time t3) to the last TDC engine speed Ne
just before stop of the engine to be set in the range of
350 ± 50 rpm.
[0070] After the engine speed Ne is further lowered,
and the piston of the cylinder 12A passes through the
last compression TDC (Time t4 in FIG. 6), none of the
pistons passes through a compression TDC, and no
change between the strokes occurs. The pistons 13 of
the expansion-stroke cylinder 12A tries to stop at a tar-
get position falling within the adequate stop position
through a damped vibratory movement within the cur-
rent stroke (when the piston is moved in a reverse di-
rection, the crankshaft 3 is reversely rotated, and there-
by the engine speed Ne becomes negative). However,
during this process, the intake-stroke cylinder 12D si-
multaneously performs an air-intake operation, and the
stop position of the piston 13 of the intake-stroke cylin-
der 12D is likely to vary if the air-intake resistance is
high. In particular, the air-intake resistance acting on the
piston 13 of the intake-stroke cylinder 12D is increased
when the piston 13 of the intake-stroke cylinder 12D is
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moved toward the BDC, so that the piston 13 of the in-
take-stroke cylinder 12D is apt to be stopped on the side
of the TDC relative to a target position. The respective
pistons 13 of the intake-stroke and expansion-stroke
cylinders 12D, 12A are moved in the same phase. Thus,
the piston 13 of the expansion-stroke cylinder 12A is li-
able to be stopped at an undesirable position on the side
of the TDC relative to the target position.
[0071] Thus, in this embodiment, approximately at
Time t4 (may be slightly delayed relative to Time t4), the
opening K of the throttle valve of throttle valve 23 is in-
creased up to an opening K1 as shown in FIG. 6 (e.g.
K1 = about 40 %) to reduce the intake resistance In the
Intake-stroke cylinder 12D. This prevents an adverse af-
fect on the balance of respective Intake-air flow rates in
the expansion-stroke and compression-stroke cylinders
12A, 12C to allow the piston 13 of the expansion-stroke
cylinder 12A to be more reliably stopped at the target
position according to the balance of the intake-air flow
rates.
[0072] This control can be performed only if it is quick-
ly determined that Time t4 corresponds to a time of the
passing of the last compression TDC, to estimate that
none of the pistons passes through the next compres-
sion TDC (in the compression-stroke cylinder 12C).
Thus, in this embodiment, the ECU 2 is operable to de-
termine a time of the passing of the last compression
TDC. Specifically, ECU 2 compares the engine speed
detected at a time of the passing of each TDC with a
given engine speed (e.g. 260 rpm) experimentally de-
termined in advance, and determines a time when the
former becomes equal to or less than the latter, as the
time of the passing of the last compression TDC, Each
of the piston is likely to be stopped on the side of the
last phase of each stroke (the piston stop position in the
expansion-stroke cylinder 12A can be located on the
side of the BDC, and the piston stop position in the com-
pression-stroke cylinder 12C can be located on the side
of the TDC) as the TDC engine speed ne at the time of
the passing of the last compression TDC has a larger
value.
[0073] The balance of respective intake-air flow rates
of the expansion-stroke and compression-stroke cylin-
ders 12A, 12C just before stop of the engine is also af-
fected by the boost pressure Bt. Particularly, the time
(Time t3 in FIG. 6) of the passing of the 2nd compression
TDC to the last compression TDC just before stop of the
engine corresponds to the initial point of the last intake
stroke in the compression-stroke cylinder 12C, and
thereby a value of the boost pressure Bt at Time t3 has
a great impact. Specifically, if this Boost pressure Bt is
low (higher vacuum), the intake-air flow rate for the com-
pression-stroke cylinder 12C will be reduced, and con-
sequently the stop position of the piston 13 of the com-
pression-stroke cylinder 12C is likely to be located on
the side of the TDC (the piston 13 of the expansion-
stroke cylinder 12A is likely to be located on the side of
the BDC). If the boost pressure is high (closer to atmos-

phere), the reverse phenomenon will occur.
[0074] Thus, when the TDC engine speed ne at the
time of the passing of the last compression TDC is high,
and the boost pressure Bt at the time of the passing of
the second compression TDC to the last compression
TDC just before stop of the engine, the conditions allow-
ing the piston 13 of the expansion-stroke cylinder 12A
to be stopped at a position on the side of the last phase
of the stroke are overlapped to provide higher possibility
of being stopped at the target position (100 to 120°CA
after the TDC). Under such conditions, if the control for
increasing the opening of the throttle valve 23 up to K1
at Time t3, the piston stop position will be located closer
to the last phase of the stroke to cause the risk of devi-
ating from the target stop position. Thus, in this embod-
iment, in the above conditions, the opening of the throttle
valve 23 at Time t3 is set at the opening K2 (see FIG.
6) less than K1 (or zero opening) to suppress increase
in intake-air flow rate so as to prevent the piston stop
position of the expansion-stroke position from being ex-
cessively moved toward the BDC.
[0075] In this manner, each piston 13 is completely
stopped at Time t5. During the period of just before the
stop of the engine to the stop, the piston position detec-
tion section 45 of the ECU 2 detects the stop position of
each piston 13 in response to detection of the movement
of each piston 13 in the crank angle sensors 30, 31. FIG.
7 is a flowchart showing the process of detecting the
piston stop position. Upon starting this detection proc-
ess, based on a first crank angle signal CA1 (from the
crank angle sensor 30) and a second crank angle signal
CA2 (from the crank angle sensor 31), it is determined
whether the second crank angle signal CA2 is "High" at
the up edge of the first crank angle signal CA1 (Step
S41). According to this determination, it is determined
which of relationships illustrated in FIG. 8(a) and 8(b)
each of the phases of the signals CA1, CA2 has. Then,
based on this determination, it is determined whether
the engine crankshaft is rotated in the normal direction.
[0076] Specifically, when the engine crankshaft is ro-
tated in the normal direction, the second crank angle sig-
nal CA2 is generated with a phase delay of about half
pulse width relative to the first crank angle signal CA1,
as shown in FIG. 8(a). Thus, the second crank angle
signal CA2 becomes "Low" at the up edge of the first
crank angle signal CA1, and becomes "High" at the
down edge of the first crank angle signal CA1. On the
other hand, when the engine crankshaft is rotated in the
reverse direction, the second crank angle signal CA2 is
generated with a phase advance of about half pulse
width relative to the first crank angle signal CA1, as
shown in FIG. 8(b). Thus, in contradiction to the case
where the engine crankshaft is rotated in the normal di-
rection, the second crank angle signal CA2 becomes
"High" at the up edge of the first crank angle signal CA1,
and becomes "Low" at the down edge of the first crank
angle signal CA1.
[0077] Thus, if the determination at Step S41 is made
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as YES, a CA counter for measuring changes in crank
angle in a direction corresponding to the normal rotation
direction of the engine crankshaft will be incremented
(Step S42). If the determination at Step S41 is made as
NO, the CA counter will be decremented (Step S43).
Then, after stop of the engine, the measured value is
checked to determine the piston stop positions (Step
S44).
[0078] After the engine is completely stopped, the in-
cylinder temperature in each of the cylinders 12A to 12d
has a change as indicated by the temperature charac-
teristic in FIG. 9. FIG. 9 is a graph showing the relation-
ship between a lapsed time from the stop of the engine
and the in-cylinder temperature, specifically, estimated
values of in-cylinder temperature change wherein the
in-cylinder temperature at the time when the engine is
stopped (Time 5) is 80°C.
[0079] As seen in this characteristic curve, just after
stop of the engine, the in-cylinder temperature is sharply
increased because the flow of coolant is stopped just
after the engine is completely stopped. Then, the in-cyl-
inder temperature has a peak after about 10 seconds
from the stop of the engine, and is then gradually low-
ered. This characteristic is varied depending on coolant
temperature (engine temperature), outside air temper-
ature (intake-air temperature), etc. The in-cylinder tem-
perature estimation section 46 stores data of these char-
acteristics in the form of a map.
[0080] During the period of the engine stop, the open-
ing K of the throttle valve 23 may be increased to provide
enhanced scavenging so as to allow a sufficient amount
of flesh air to be supplied to the catalytic converter 37.
Thus, the catalyst in the catalytic converter 37 has a suf-
ficient amount of absorbed oxygen during the engine
stop.
[0081] The process of the engine restart control will
be described below. In the following description, a com-
pression top dead center in each of the cylinders 12A to
12d will be referred to as "TDC", and a sequential
number will also be appended thereto in order of initia-
tion of restart. Further, around this top dead center, the
periods before and after the piston is moved beyond are
indicated by "B" and "A", respectively.
[0082] In this engine restart control, under the control
of the ECU 2 (start control section 48), combustion is
initially induced In the compression-stroke cylinder 12C
to reversely rotate the engine crankshaft (reverse rota-
tion operation), and then the combustion is induced in
the expansion-stroke cylinder 12A to rotate the engine
crankshaft in the normal direction again (normal rotation
operation), as mentioned above. That is, the piston 13
of the expansion-stroke cylinder 12A is firstly moved up-
ward to increase the compression pressure therein by
reversely rotating the engine crankshaft, and then com-
bustion is induced in the expansion-stroke cylinder 12A.
The piston stop position in the expansion-stroke cylinder
12A stopped at a position falling within the adequate
range with a sufficient air quantity therein, and the air

compressed by the reverse rotation, can provide large
combustion energy. This makes it possible to reliably ro-
tate the engine crankshaft in the normal direction and
assure a smooth transition to a subsequent continuous
engine operation.
[0083] However, the presence of the sufficient air in
the expansion-stroke cylinder 12A hinders the air from
strongly compressed. This is caused by the compres-
sive reaction force from the compressed air which acts
as a force pushing back the piston 13 of the expansion-
stroke cylinder 12A.
[0084] Thus, in this embodiment, the ECU 2 performs
a control for delaying the timing of fuel injection for the
expansion-stroke cylinder 12A to allow the compression
rate (density) of air in the expansion-stroke cylinder 12A
to be increased. When the fuel injection timing is de-
layed, the fuel is injected into the cylinder having the in-
cylinder air compressed to some extent, and the com-
pression pressure is reduced by the latent heat of va-
porization of the injected fuel. Thus, with the same level
of combustion energy acting in the reverse direction of
the engine crankshaft, the piston 13 can be moved to a
position closer to the TDC (increase in piston stroke or
moving distance) to provide further increased density of
compressed air.
[0085] FIG. 10 is a graph showing the relationship be-
tween a fuel injection timing for the expansion-stroke
cylinder 12A and a reachable piston position (piston po-
sition closest to the TDC without ignition) based on the
fuel injection timing, or showing an effect of fuel injection
delay. In FIG. 10, the horizontal axis represents a crank
angle (after top dead center: ATDC) corresponding to a
fuel injection timing for the Initial combustion in the ex-
pansion-stroke cylinder 12A, and the vertical axis rep-
resent a crank angle (after top dead center: ATDC) cor-
responding to a reachable piston position in the expan-
sion-stroke cylinder 12A based on the fuel injection tim-
ing. As the crank angle corresponding to the reachable
piston position becomes smaller (closer to TDC), the in-
cylinder volume at a maximum compression becomes
smaller (higher air density) to provide larger combustion
energy. The characteristic in FIG. 10 is obtained when
the piston stop position of the expansion-stroke cylinder
12A is 110°C (ATDC). As seen from this characteristic
curve, when fuel is injected at the start point of the re-
verse rotation operation (crank angle = 110°C), the
reachable piston position is about 36.5°CA (ATDC). In
contrast, if fuel is injected the piston 13 is moved up to
70 °CA (ATDC) toward the TDC, the reachable piston
position can be changed to 33.5°CA (ATDC) to obtain
an increased density of compressed air coresponding
to about 3°CA.
[0086] In this case, excessively delayed fuel Injection
timing can cause delay in vaporization, which leads to
a problem that the piston 13 reaches a reachable posi-
tion before the compression pressure is sufficiently re-
duced by the latent heat of vaporization of the injected
fuel. That is, the curve of the reachable piston position
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starts declining (after 70°CA in the example illustrated
in FIG. 10). Thus, in view of effectively achieving the
maximization of air density, the fuel injection timing is
preferably set in the range of the intermediate phase to
the beginning of last phase in the compression stroke
of the expansion-stroke cylinder 12A.
[0087] Moreover, the delay of fuel injection timing
means a shortened period between fuel injection and
ignition which is likely to cause the risk of insufficiently
vaporized fuel at the ignition timing. Thus, in order to
facilitate sufficient vaporization before the ignition tim-
ing, the fuel injection is preferably initiated at early
phase (e.g. the initial phase of the reverse rotation op-
eration. That is, the increase in air density and the facil-
itation in fuel vaporization at the ignition timing have con-
tradictory requirements for fuel injection timing.
[0088] Thus, in this embodiment, a split fuel injection
technique (half-split) is employed. Specifically, a first fu-
el injection is performed In the initial phase of the re-
verse rotation operation, and a second fuel injection is
performed during the reverse rotation operation (prefer-
ably, at the timing corresponding to a crank angle closer
to 90°CA (ATDC) or the midpoint of the stroke: the timing
corresponding to 70°CA (ATDC) in FIG. 10). In this man-
ner, the facilitation In fuel vaporization is assured by the
first injection having a relatively long period of time to
the ignition timing, and the increase in compressed air
density is assured by the second injection,
[0089] The fuel injection control section 41 of the ECU
2 is operable to correct the ratio (split ratio) between re-
spective fuel amounts in the first and second fuel injec-
tions, and the timing of the second fuel injection, in ac-
cordance with the piston stop position of the expansion-
stroke cylinder 12A, and the in-cylinder air temperature
(estimated value) at the initiation of the reverse rotation
operation, so as to ensure a desired vaporization per-
formance and maximize combustion energy. Specifical-
ly, if the piston stop position In the expansion-stroke cyl-
inder 12A is located relatively close to the BDC (in-cyl-
inder air quantity is relatively large), the percentage of
the second fuel injection amount will be increased as
compared to the case where the piston stop position in
the expansion-stroke cylinder 12A is located relatively
close to the TDC (in-cylinder air quantity is relatively
small). The reason is that the relatively large in-cylinder
air quantity causes a high compressive reaction force.
Thus, the second fuel injection amount is increased to
effectively provide a reduced compression force so as
to achieve an increased density of compressed air. In
addition, the percentage of the second fuel injection
amount is also Increased when the in-cylinder air tem-
perature is relatively high. The reason is that the high
in-cylinder air temperature provides an enhanced fuel
vaporization performance, and thereby relaxes the re-
quirements of increasing the first fuel Injection amount.
[0090] As to the timing of the second fuel injection, it
is delayed when the in-cylinder temperature is relatively
high (wherein the upper limit is set at the timing corre-

sponding to the injection timing 70°CA in FIG. 10). Spe-
cifically, the high in-cylinder air temperature provides an
enhanced fuel vaporization performance, and thereby
the vaporization of the injected fuel can be facilitated
before the ignition even if the second fuel injection timing
is delayed. The delayed fuel injection timing can facili-
tate increase in compressed air density.
[0091] Referring to FIG. 11, in the so-called "direct
start" according to the restart control, if the direct start
is successively achieved, combustion subsequent to the
initial combustion in the expansion-stroke cylinder 12A
is induced in the intake-stroke cylinder 12D from Time
t11 when the expansion-stroke cylinder 12A is changed
from the reverse rotation operation to the normal rota-
tion operation. During the period where the piston of in-
take-stroke cylinder 12D is moved toward a first com-
pression TDC (2TDC), the engine speed Ne rises and
falls between about 550 and 300 rpm. Then, after the
piston of the intake-stroke cylinder 12D is moved be-
yond the 2TDC, the engine speed Ne is gradually in-
creased up to an idling speed with a relatively steep an-
gle and repeated rise-fall waves, as indicated by the bro-
ken line in FIG. 11.
[0092] However, if the engine speed Ne is less than
a required engine speed (e.g. 200 rpm) at a time when
the piston of the intake-stroke cylinder 12D reaches the
2TDC, the piston of the intake-stroke cylinder 12D will
be moved in the reverse rotation direction without being
moved beyond the 2TDC, and the engine speed Ne will
be sharply lowered. Thus, in this embodiment, an In-
spection Time t12 is set at a time where the piston of
the intake-stroke cylinder 12D reaches the 2TDC, and
the engine speed Ne at the inspection Time t2 is detect-
ed as an inspection engine speed. Then, based on the
detected inspection engine speed, the start, the start-
adequacy evaluation section 49 of the ECU 2 is opera-
ble to evaluate whether the direct start is successively
achieved.
[0093] With reference to the flowcharts illustrated in
FIGS. 12 to 16, the process of the engine restart control
including the above control process will be described
below. Firstly, it is determined whether a given restart
condition is satisfied (for example, whether an acceler-
ator pedal operation for starting a stopped vehicle is per-
formed; whether a battery voltage is less than a prede-
termined value; or whether an air conditioner is activat-
ed) (Step S101). If the determination in Step S101 is
NO, or it is determined that the engine restart condition
is not satisfied, the ECU 2 will be kept in a standby state.
When If the determination in Step S101 is made as YES,
or It is determined that the engine restart condition is
satisfied, the in-cylinder temperature estimation section
46 estimates the in-cylinder temperature in accordance
with the engine temperature, the engine stop period
(lapsed time from the completion of the automatic en-
gine control) and/or the intake-air temperature (Step
S102), Then, based on the stop position of each piston
13 detected by the piston position detection section 45,
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respective air quantities in the compression-stroke cyl-
inder 12C and the expansion-stroke cylinder 12A are
calculated (Step S103). Specifically, a volume of the
combustion chamber in each of the compression-stroke
and expansion-stroke cylinders 12C, 12A can be calcu-
lated from the stop position of the corresponding piston
13. Further, a flesh air quantity can be derived from the
calculated combustion chamber volume, because the
engine has several cycles in the period from the inter-
ruption of the fuel injection to the engine stop to allow
the cylinders including the expansion-stroke cylinder
12A to be filled with flesh air, and an in-cylinder pressure
in each of the compression-stroke and expansion-
stroke cylinders 12C, 12A becomes approximately
equal to atmosphere pressure after the engine stop.
[0094] Then, it is determined whether the piston stop
position in the compression-stroke cylinder 12C is locat-
ed at a position falling within the adequate stop range
(of 60 to 80°CA before TDC or BTDC 60 to 80°CA) and
relatively close to the bottom dead center (BDC) In the
compression-stroke cylinder 12C (Step S104),
[0095] If the determination in Step S104 is YES, and
it Is determined that the compression-stroke cylinder
12C contains a relatively large air quantity, the process
will advance to Step S105. In Step 105, a given amount
of fuel is injected into the compression-stroke cylinder
12C containing the air quantity calculated in Step S103
to form therein an air-fuel mixture with an air-fuel ratio
having λ (excess air ratio) > 1 (e.g. air-fuel ratio: about
20) (initial or primary fuel injection). This air-fuel ratio is
determined using a first air-fuel ratio map M1 for the pri-
mary fuel injection in a compression-stroke cylinder,
which is predetermined with respect to each piston stop
position. The lean air-fuel ratio having A > 1 can prevent
combustion energy for the reverse rotation operation
from being excessively produced, so as to avoid the risk
of excessive movement in the reverse rotation direction
(the piston 13 of the compression-stroke cylinder 12C
moved in the reverse rotation toward the BDC direction
passes through the BDC and reached an intake stroke),
even if the compression-stroke cylinder 12C contains a
relatively large air quantity.
[0096] If the determination in Step S104 is NO, and
the compression-stroke cylinder 12C contains a rela-
tively low air quantity, the process will advance to Step
S106. In Step S106, a given amount of fuel is injected
into the compression-stroke cylinder 12C containing the
air quantity calculated in Step 103, to form therein an
air-fuel mixture with an air-fuel ratio having λ = 1 (pri-
mary fuel injection). This air-fuel ratio is determined us-
ing a second air-fuel ratio map M2 for the primary fuel
injection in a compression-stroke cylinder. The theoret-
ical or richer air-fuel mixture having λ = 1 makes it pos-
sible to obtain sufficient combustion energy for the re-
verse rotation operation even if the compression-stroke
cylinder 12C contains a relatively low air quantity.
[0097] Then, the process advances to Step S107, at
a time (Time t10 in FIG. 11) after the lapse of a given

time predetermined in consideration of a period of time
required for vaporization of the fuel injected into the
compression-stroke cylinder 2C through the primary fu-
el injection, the obtained air-fuel mixture in the cylinder
12C is ignited. Subsequently, it is determined whether
the pistons 13 are moved, based on whether at least
one edge (rising (up) or falling (down) edge) of detection
signals from the crank angle sensors 30, 31 is detected
within a given time after the ignition (Step S108).
[0098] If the determination in Step S108 is NO or it is
determined that the pistons 13 are not moved due to
misfire, an additional ignition will be performed for the
compression-stroke cylinder 12C (Step S109).
[0099] Referring to FIG. 12, when the determination
in Step S108 is made as YES or it is determined that the
pistons 13 are moved, a split ratio [the ratio between a
first (initial) injection and a second (last) injection] In a
split fuel injection for the expansion-stroke cylinder 12A
is calculated based on and the in-cylinder temperature
estimated in Step S102 and the piston stop position
(Step S121). The percentage of the last injection is set
at a larger value as the piston stop position in the ex-
pansion-stroke cylinder 12A is located closer to the
BDC, and the in-cylinder temperature is higher.
[0100] Then, based on the air quantity in the expan-
sion-stroke cylinder 12A calculated in Step S103, a total
fuel injection amount is calculated to form an air-fuel
mixture with a given air-fuel ratio (λ = 1) (Step S122).
This total air-fuel ratio is determined using an air-fuel
ratio map M3 for the expansion-stroke cylinder 12A, pre-
determined with respect to each stop position of the pis-
ton 13.
[0101] Then, an initial (first) fuel injection amount for
the expansion-stroke cylinder 12A is calculated based
on the total fuel injection amount calculated in Step
S122 and the split ratio calculated in Step S121, and the
calculated amount of fuel is injected (Step S123).
[0102] Then, a last (second) fuel injection timing for
the expansion-stroke cylinder 12A is calculated based
on the in-cylinder temperature estimated in Step S102
(Step S124). This second injection timing is set to be in
a period where the in-cylinder air is being compressed
after the piston 13 starts moving toward the TDC (re-
verse rotation of the engine crankshaft), so as allow la-
tent heat of vaporization of the injected fuel to effectively
reduce a compression pressure (or allow the piston 13
to be moved toward the TDC as close as possible. The
second injection timing is also set to maximize a period
of time for allowing the fuel in the second injection to be
vaporized before an ignition timing therefor.
[0103] Then, a last (second) fuel injection amount for
the expansion-stroke cylinder 12A is calculated based
on the total fuel injection amount for the expansion-
stroke cylinder 12A calculated in Step S122 and the split
ratio calculated in Step S121 (Step S125), and this fuel
is injected at the second injection timing calculated in
Step S124 (Step 126).
[0104] After the second fuel injection to the expan-
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sion-stroke cylinder 12A, the obtained air-fuel mixture
is ignited after the lapse of a given delay time-period (at
Time t11 in FIG. 11) (Step S127). This delay time-period
is determined using an ignition map M4 for the expan-
sion-stroke cylinder 12A, predetermined with respect to
each stop position of the piston 13. According to first
combustion induced in the expansion-stroke cylinder
12A by the above ignition, the rotation direction of the
engine crankshaft is changed from the reverie rotation
to the normal rotation. Thus, the piston 13 of the com-
pression-stroke cylinder 12C is moved toward the TDC
to start compressing in-cylinder gas (burnt gas through
the combustion induced by the ignition in Step S107).
[0105] Then, in consideration of a period of time re-
quired for vaporization of fuel, a secondary fuel injection
is performed for the compression-stroke cylinder 12C
(Step S128). The amount of fuel in the secondary fuel
injection is determined to allow a total air-fuel ratio
based the sum of respective fuel injection amounts in
the primary and secondary fuel injections to be richer
(e.g. about 6) than a combustible air-fuel ratio (lower lim-
it: 7 to 8), by use of an air-fuel ratio map M5 for the sec-
ondary fuel injection, predetermined with respect to
each stop position of the piston 13. According to latent
heat of vaporization of the fuel injected by the secondary
fuel injection for the compression-stroke cylinder 12C,
a compression pressure around 1TDC in the compres-
sion-stroke cylinder 12C can be reduced to allow the pis-
ton 13 to readily pass through this 1TDC.
[0106] The secondary fuel injection to the compres-
sion-stroke cylinder 12C is intended only to reduce the
in-cylinder compression pressure. That is, no ignition for
inducing combustion is executed (the obtained air-fuel
mixture richer than a combustible air-fuel ratio causes
no self-ignition). The resulting unburnt fuel will be puri-
fied through the reaction with oxygen stored in the cat-
alyst of the catalytic converter 37 in the exhaust passage
22.
[0107] As above, the fuel injected by the secondary
fuel injection for the compression-stroke cylinder 12C Is
not burnt. Thus, combustion subsequent to the first com-
bustion in the expansion-stroke cylinder 12A is induced
in the intake-stroke cylinder 12D. Energy of the first
combustion in the expansion-stroke cylinder 12A is part-
ly used as energy required for the piston 13 of the intake-
stroke cylinder 12D to pass through 2TDC. That is, the
energy of the first combustion in the expansion-stroke
cylinder 12A is used as both energy required for the pis-
ton 13 of the compression-stroke cylinder 12C to pass
through the 1TDC and energy required for the piston 13
of the intake-stroke cylinder 12D to pass through the
2TDC.
[0108] Thus, in view of smooth engine start, it is de-
sirable to minimize load when the piston 13 of the intake-
stroke cylinder 12D passes through the 2TDC. This al-
lows the piston 13 of the intake-stroke cylinder 12D to
passes through the 2TDC with lower energy. The follow-
ing process shows a control for minimizing energy re-

quired for the piston 13 of the Intake-stroke cylinder 12D
to passes through the 2TDC with lower energy, when
combustion is induced in the intake-stroke cylinder 12D.
[0109] Referring to FIG. 14, in Step S140, an air den-
sity in the intake-stroke cylinder 12D is estimated to cal-
culate an air quantity therein In accordance with the es-
timated value. Then, in Step S102, based on the in-cyl-
inder temperature estimated in Step S102, an air-fuel
ratio correction value for preventing self-Ignition is cal-
culated (Step S141). Specifically, the occurrence of self-
ignition leads to combustion generating an undesirable
force (counter torque) pushing back the piston 13 to-
ward the BDC before reaching the 2TDC. This undesir-
ably causes additional consumption of the energy for
passing through the 2TDC. Thus, the air-fuel ratio is cor-
rected to a leaner value to prevent the occurrence of
self-ignition.
[0110] Then, based on the air quantity in the intake-
stroke cylinder 12D calculated in Step S140, and an air-
fuel ratio corrected by the air-fuel ratio correction value
calculated in Step S141, a fuel injection amount for the
intake-stroke cylinder 12D is calculated (Step S142).
[0111] Then, the calculated amount of fuel is injected
into the intake-stroke cylinder 12D. This fuel injection is
executed at a delayed timing set in the last phase of a
compression stroke to allow latent heat of vaporization
of the fuel to effectively reduce a compression pressure
(or allow the energy require for passing through the
2TDC to be reduced) (Step S143). This delay time-pe-
riod is calculated based on the lapsed time after com-
pletion of the automatic engine stop control (automatic
stop period of the engine), the intake temperature, the
engine coolant temperature, etc.
[0112] Concurrently with the above process, the start-
adequacy evaluation section 49 of the ECU 2 calculates
the inspection time on the basis of a reference time de-
fined by the time when the edge of the detection signals
from the crank angle sensors 30, 31 in Step S108 (Step
S145).
[0113] Then, it is determined whether the engine
speed (inspection engine speed) Ne at Time t12 in FIG.
11 is less than a given required engine speed (e.g. 200
rpm) (Step S146).
[0114] If the inspection engine speed is equal to or
greater than the required engine speed in this determi-
nation, as in the characteristic curve indicated by the
broken line in FIG. 11, it can be considered that the pis-
ton of the Intake-stroke cylinder will be moved beyond
the 2TDC. In this embodiment, for the purpose of sup-
pressing the occurrence of reverse torque in this proc-
ess, during this process, the ignition timing in the intake-
stroke cylinder Is retarded or delayed after the 2TDC
(Step S148). The above process makes it possible to
reduce the compression pressure in the intake-stroke
cylinder 12D before the 2TDC so as to allow the piston
of the intake-stroke cylinder 12D to be reliably moved
beyond the 2TDC, and to Induce combustion in the in-
take-stroke cylinder 12D after passing of the 2TDC so
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as to generate a torque in the normal rotation direction.
[0115] In the determination at Step S146, if the in-
spection engine speed is less than the required engine
speed, as in the characteristic curve indicated by the sol-
id line in FIG. 11, the process will advance to a simulta-
neous starter-motor drive subroutine, and Step S148
will be skipped.
[0116] Referring to FIGS. 11 to 15, if the start-adequa-
cy evaluation section 49 of the ECU 2 determines that
a start assist control is required, the start control section
48 waits until Time t13 when the engine speed Ne be-
comes lower and initially reaches 0 (zero) is detected
by the crank angle sensor 30 (Step S1471). When Time
t13 is detected, the start-adequacy evaluation section
49 defines this Time t13 as an assist-control reference
time for performing a calculation related to an assist con-
trol on the basis thereof (Step S1472).
[0117] Then, a period of time between Time t13 and
a zero-speed Time tp when the engine speed Ne be-
comes 0 (zero) by a transition in rotation direction of the
engine crankshaft 3 from the reverse direction occurring
at Time t13 to the normal direction is calculated (Step
S1473). Further, based on the calculated zero-speed
Time tp an engagement time range Ts for the engage-
ment with the starter motor 36 is calculated (Step
S1474). This engagement time range Ts is determined
based on data of product specifications of the starter
motor 36 employed in this embodiment. The data is pre-
stored in a storage area of the ECU 2. The engine start-
ing system according to this embodiment is designed
such that, when the ring gear 35 is stopped, the pinion
gear 36b is driven by driving motor 36a at about 60 rpm
in a direction opposite to that in which the ring gear 35
is to be rotated, and brought into engagement with the
ring gear 35. Thus, in this embodiment, the engagement
time range is set in a range where the engine speed Ne
is increased from 0 (zero) to 60 rpm.
[0118] Further, in this embodiment, a driving delay
time-period Tdy in the starter motor 36 is calculated
based on the buttery voltage (Step S1475). As above,
the engine starting system according to this embodi-
ment is designed such that the pinion gear 36b is
brought into engagement with the ring gear 35, in the
state when it is rotated by driving motor 36a in a direction
opposite to that in which the ring gear 35 is to be rotated.
Thus, after the driving motor 36a receives a drive signal,
a certain time lag (i.e. driving delay time-period Tdy) will
Inevitably occur before the completion of the engage-
ment between the ring and pinion gears 35, 36a. Thus,
in Step S1475, Time tout is calculated in consideration
of the driving delay time-period Tdy.
[0119] Then, based on the above calculations, the
start control section 48 determines whether a lapsed
time from Time t13 reaches Time tout (Step S1477). Up-
on reaching tout, the drive signal is entered into the driv-
ing motor 36a of the starter motor 36 (Step S1478).
Thus, the pinion gear 36b of the starter motor 36 is driv-
en by the driving motor 36a, and bought Into engage-

ment with the ring gear 35. Then, the crankshaft 3 is
assisted by a driving force from the starter motor 36, and
the process returns to the main routine.
[0120] While the start control section 48 is designed
to define the Time t13 when the engine speed Ne be-
comes lower and initiatiy reaches 0 (zero), in accord-
ance with the engine speed Ne signal detected by the
crank angle censor 30, the Time t13 may be defined
based on a time of a transition in rotation direction of the
crankshaft 3 to be detected by the pair of crank angle
sensors 30, 31, or a signal representing a time when the
engine crankshaft has a transition in rotation direction
from the normal direction to the reverse direction, which
can be obtained from respective detection signals of the
pair of crank angle sensors 30, 31.
[0121] Further, while the engine restart control may
be shifted to a normal engine control after the passing
of 2TDC by means of the direct start control or the com-
bination of the direct start control and the starter motor,
an additional control for suppressing engine speed surg-
ing is performed in this embodiment. The term "engine
speed surging" herein means a phenomenon that an en-
gine speed is increased excessively and rapidly after the
first combustion in the intake-stroke cylinder 12D. The
sharp increase in engine speed due to the engine speed
surging undesirably causes acceleration shock and
driver's uncomfortable feel. The intake pressure (pres-
sure on the downstream side of the throttle valve 23) is
approximately equal to atmosphere pressure during the
automatic stop period, and thereby combustion energy
in each of the cylinders 12A to 12D just after engine start
(after the first combustion in the intake-stroke cylinder
12D) temporarily becomes greater than that in normal
idling to cause the engine speed surging. In this embod-
iment, a control for setting an air-fuel ratio at a lean value
(λ > 1) and/or delaying an ignition timing depending on
the temperature of the catalytic converter 37 to suppress
the engine speed surging is performed In the subse-
quent Steps S149 to S159.
[0122] Referring to FIG. 16, in the anti-surging con-
trol, the alternator 28 is firstly activated to generate pow-
er (Step S149). Under the control of the alternator output
control section 44 of the ECU 2, a target output current
in this power generation Is set at a value slightly greater
than a normal value. This power generation of the alter-
nator 28 provides an increased load onto the crankshaft
3 (engine load) to suppress engine speed surging.
[0123] Then, it is determined whether the intake pres-
sure detected by the Intake pressure sensor 26 is great-
er than that during a normal idling without the automatic
engine stop control (Step S150). If the determination in
Step S150 is YES, or the current condition is liable to
cause engine speed surging, the opening of the throttle
valve 23 will be reduced to be less than that during the
normal idling (Step S151) to suppress the amount of
combustion energy to be produced.
[0124] Then, it is determined whether the catalyst of
the catalytic converter 37 in the exhaust passage 22 has
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a temperature equal to or less than an activation tem-
perature thereof (Step S152). When the determination
in Step S152 Is YES, the target air-fuel ratio for the cyl-
inders is set at a rich value or λ =1 (Step S153), and the
ignition timing is delayed to be a TDC or later (Step
S154). This makes it possible to facilitate temperature
rise or warming-up in the catalyst of the catalytic con-
verter 37. In addition, the amount of combustion energy
to be produced can be further suppresses by the de-
layed ignition timing.
[0125] If the determination in Step S152 is made as
NO, the target air-fuel ratio is set at a lean value or λ >
1 and fuel is injected (Step S158). In this case, the fuel
is burnt without delaying the ignition timing (Step S159).
This lean combustion makes it possible to achieve re-
duced fuel consumption and suppress the amount of
combustion energy to be produced.
[0126] After Step S154 or S159, the process returns
to Step S150, the process will be repeated until the de-
termination at Step S150 is made as NO. If the determi-
nation at Step S150 is made as NO, or the current con-
dition has no risk of causing engine speed surging, the
engine control including the alternator output control will
return to the normal control (Step S160).
[0127] According to the above embodiment, the suc-
cess/failure or adequacy of the so-called direct start is
determined based on the engine speed Ne at Inspection
Time t12. Thus, even if the restart control is initiated after
stop of the engine, the starter motor 36 will not be always
driven. This can contributes to energy saving as com-
pared the conventional technique disclosed in the afore-
mentioned Publication 2.
[0128] Particularly, according to the above embodi-
ment, the starter motor 36 is driven after the engine
crankshaft has the transition in rotation direction from
the reverse direction to the normal direction and in a time
range near to the zero-speed Time tp. This makes it pos-
sible to assist the engine start in the stage where a load
to be imposed on the starter motor 36 is minimum. Thus,
the starter motor 36 can have reduced load and en-
hanced reliability. In addition, this can contribute to en-
hancement in durability of the starter motor 36 itself.
[0129] According to the above embodiment, the start-
er motor 36 includes the pinion gear 36d engageable
with the ring gear 35 associated with the engine, and
the start control section 48 is operable, after the engine
crankshaft has the transition in rotation direction from
the reverse direction to the normal direction, to deter-
mine the timing of engagement with the pinion gear 36a
in the time range near to the zero-speed Time tp, and
to allow the assist operation based on the starter motor
36 to be initiated after the engagement between the pin-
ion gear 36d and the ring gear 35. Thus, even in the type
where the pinion gear 36b is brought into engagement
with the ring gear 35, in the state when it Is rotated by
driving motor 36a in a direction opposite to that in which
the ring gear 35 is to be rotated, the engagement can
be achieved without load onto the starter motor 36. This

can contribute to enhancement in reliability and durabil-
ity of the starter motor 36.
[0130] According to the above embodiment, the crank
angle sensors 30, 31 serving as the rotational speed de-
tection means are operable to send to the start control
section 48 an assist-control reference Time t13 defined
by a time when the engine speed is lowered from the
inspection engine speed Ne to zero, and the start control
section 48 is operable to calculate the zero-speed Time
tp in accordance with the received assist-control refer-
ence Time t13 and determine the time range of the en-
gagement between the pinion gear 36d and the ring
gear 35 in accordance with the calculated zero-speed
Time tp. This makes it possible to further reduce the load
onto the starter motor 36 so as to contribute to enhance-
ment in reliability and durability.
[0131] According to the above embodiment, the start
control section 48 is operable to calculate the driving
delay time-period Tdy in the starter motor 36, and de-
termine the an output time of the drive signal in accord-
ance with the calculated driving delay time-period Tdy
in such a manner as to allow the drive signal to be output
at a time earlier than the zero-speed Time tp. That is,
the driving delay time-period Tdy in the starter motor 36
Is Included in one of control parameters. Thus, even if
the starter motor 36 has a time lag between the receiving
of the drive signal and the driving of the engine, an in-
tended assist initiation time can be reliably set. This
makes it possible to allow tolerance of the driving delay
time-period in the starter motor 36 to be relaxed so as
to provide applicability of various types of alternators
and contribute to cost reduction.
[0132] In the above embodiment, when the restating
of the engine is successfully initiated, the start-adequa-
cy evaluation means may be operable to estimate a time
when the expansion-stroke cylinder 12A first reaches a
top dead center in an exhaust stroke, so as to defined
the estimated time as Inspection Time t12, and evaluate
the adequacy of the engine restart in accordance with
an inspection engine speed Ne defined by the engine
speed detected at the inspection Time t12 and received
from the rotational speed detection means. Thus, the
inspection time t12 can be estimate relatively accurate-
ly. This has an advantage of being able to accurately
evaluate the adequacy of the inspection engine speed
Ne and detect the inspection engine speed Ne readily
and accurately so as to achieve enhanced control ac-
curacy.
[0133] While the present Invention has been de-
scribed in connection with one specific embodiment, it
is to be understood that various changes and modifica-
tions may be made within the sprit and scope thereof as
set forth In appended claims. For example, during the
engine restart control, the control In combination with
the assist operation using the starter motor 36 may also
be performed, but not shown in the above embodiment,
when a given condition is not satisfied (for example,
when the piston stop position is not in the adequate
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range), and/or when the engine speed does not reach
a given value within a given period of time after the ini-
tiation of the engine restart control.
[0134] As to the start assets device, while it is prefer-
able to use the starter motor 36 having the pinion gear
engageable with the ring gear fixed to the flywheel of
the engine, the start assets device to be used in the
present invention is not limited to this type designed to
output a driving power from the pinion gear, but may be
any other suitable type, such as a belt type.
[0135] Further, the automatic engine stop control to
be used in the present invention is not limited to the con-
trol described in the above embodiment, but may be ap-
propriately arranged. However, in order to achieve an
enhanced engine restart performance, it is desirable to
control in such a manner that the piston 12 of the ex-
pansion-stroke cylinder 12A is stopped at a position
slightly close to the BDC relative to the midpoint of the
stroke (in the compression-stroke cylinder 12C: a posi-
tion slightly close to the TDC relative to the midpoint of
the stroke).

Claims

1. An engine starting system for use in a vehicle
equipped with a 4-stroke engine where one power
cycle consisting of intake, compression, expansion
and exhaust strokes is produced by two reciprocat-
ing motions of a piston, said engine including:

fuel supply means for supplying fuel into each
of a plurality of cylinders;
a spark plug provided In each of said cylinders,
respectively;
rotational speed detection means for detecting
an engine speed; and
a start assist device adapted to drive a crank-
shaft of the engine using a motor,

said engine starting system being characterized
by comprising:

automatic stop control means operable, upon
satisfaction of a predetermined automatic en-
gine stop condition, to allow the supply of a fuel
for maintaining an operating state of the engine
to be interrupted so as to automatically stop the
engine;
start control means operable, upon satisfaction
of a restart condition for restarting said auto-
matically stopped engine, to allow the spark
plug of at least the cylinder in the state after be-
ing stopped in an expansion stroke to ignite a
fuel supplied into said cylinder and induce com-
bustion in said cylinder, so as to automatically
restart said engine;
start-adequacy evaluation means for evaluat-

ing whether the engine start based on said start
control means is adequate; and
assist drive control means operable, when said
start-adequacy evaluation means determines
that the engine start based on said start control
means is inadequate, to drive said start assist
device,

wherein said start-adequacy evaluation
means is operable to receive from said engine
speed detection means an inspection engine speed
defined by an engine speed detected at an inspec-
tion time which is set at a time when a given time
lapses from initiation of the combustion in said cyl-
inder in the state after being stopped in the com-
pression stroke, and evaluate the adequacy of the
engine start in accordance with said Inspection en-
gine speed; and

said assist drive control means is controllable,
when said start-adequacy evaluation means deter-
mines that said inspection engine speed is less than
a given engine speed required for adequately re-
starting the engine, to drive said start assist device
around a zero-speed time when said crankshaft has
a transition in rotation direction from a reverse di-
rection to a normal direction occurring after an en-
gine speed is lowered to zero.

2. The engine starting system as defined in claim 1,
wherein said assist drive control means drives said
start assist device in a time range near to said zero-
speed time after said crankshaft has said transition
in rotation direction from the reverse direction to the
normal direction.

3. The engine starting system as defined in claim 1,
wherein said start assist device includes a pinion
gear engageable with a ring gear provided in said
engine, wherein said assist drive control means is
operable to set around said zero-speed time an en-
gagement time when said pinion gear is brought in-
to engagement with said ring gear, and drive said
start assist device after completion of the engage-
ment between said pinion gear and said ring gear.

4. The engine starting system as defined in claim 3,
wherein said engine speed detection means is op-
erable to send to said assist drive control means an
assist-control reference time defined by a time
when an engine speed is lowered from said inspec-
tion engine speed to zero,
wherein said assist drive control means is operable
to calculate said zero-speed time in accordance
with said assist-control reference time and deter-
mine a time range of the engagement between said
pinion gear and said ring gear in accordance with
said calculated zero-speed time.
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5. The engine starting system as defined in claim 3,
wherein said engine includes rotation direction de-
tection means associated with the crankshaft to de-
tect that the crankshaft has a transition in rotation
direction from the normal direction to the reverse
direction, wherein said assist drive control means
is operable to calculate said zero-speed time from
an assist-control reference time defined by a time
when the crankshaft has the transition in rotation
direction from the normal direction to the reverse
direction, based on an output from said rotation di-
rection detection means, and determine a time
range of the engagement between said pinion gear
and said ring gear in accordance with said calculat-
ed zero-speed time.

6. The engine starting system as defined in claim 4 or
5, wherein said assist drive control means is oper-
able to calculate a driving delay time-period in said
start assist device, and determine an output time of
a drive signal in accordance with said calculated
driving delay time-period in such a manner as to al-
low said drive signal to be output to said start assist
device at a time earlier than said zero-speed time.

7. The engine starting system as defined in claim 1,
wherein said start-adequacy evaluation means is
operable, when the restart of the engine is success-
fully initiated, to estimate a time when said cylinder
in the state after being stopped In an expansion
stroke firstly reaches a top dead center in an ex-
haust stroke, so as to define said estimated time as
the inspection time, and evaluate the adequacy of
the engine restart in accordance with the inspection
engine speed defined by an engine speed detected
at said defined inspection time and received from
said rotational speed detection means.
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