a2 United States Patent

Takahashi et al.

US006520131B2

US 6,520,131 B2
Feb. 18, 2003

(10) Patent No.:
45) Date of Patent:

(54) VALVE TIMING CONTROL SYSTEM FOR 6,152,105 A * 11/2000 Nishimura et al. .... 123/339.11
INTERNAL COMBUSTION ENGINE 6,196,173 B1 * 3/2001 Takahashi et al. ....... 123/90.15
6,237,327 B1 * 5/2001 Nishimura et al. ........... 60/276
(75) Inventors: TﬂtSl.lhikO' :I‘akahashi, Hyogo-ken. .(JP); FOREIGN PATENT DOCUMENTS
Morio Fujiwara, Tokyo (JP); Koji
Wada, Tokyo (JP) JP 6-299876 10/1994
JP 9-324613 12/1997
(73) Assignee: Mitsubishi Denki Kabushiki Kaisha, Ip 11-210424 8/1999
Tokyo (JP) P 11229014 8/1999
JP 11-324741 11/1999
(*) Notice:  Subject to any disclaimer, the term of this * cited by examiner
patent is extended or adjusted under 35
U.S.C. 154(b) by 0 days. Primary Examiner—Thomas Denion
Assistant Examiner—Jaime Corrigan
(21) Appl. No.: 09/912,361 (74) Attorney, Agent, or Firm—Sughrue Mion, PLLC
(22) Filed: Jul. 26, 2001 (&) ABSTRACT
(65) Prior Publication Data A valve timing control system for accelerating activation of
US 2002/0100442 Al Aug. 1, 2002 a catalytif: converter in an intergal combu§lion engine in a
cold starting operation mode while enhancing control accu-
(30) Foreign Application Priority Data racy by learning a reference position of a cam angle. The
Jan. 31,2001 (IP) 2001-024265 system includes actuators (15; 16) coupled to cam shafts
R (15C; 16C), respectively, hydraulic pressure supply means
(51) Int. CL7 i FO1L 1/34 (19; 20) for driving the actuators (15; 16), and a controller
(67 JRLUE T o KO 123/90.17; 123/90.15;  (21A) for controlling hydraulic pressure fed to the actuators
123/90.17 (15; 16) in dependence on engine operation states to change
(58) Field of Search .............cccoooe.... 123/90.17, 90.15,  Phases of the cam shafts (15C; 16C) relative to a crank shaft
123/90.12, 90.31 (13C). The controller (21A) is so designed as to set a valve
timing to a most advanced position or alternatively to a most
(56) References Cited retarded position in a cold-state idling operation mode for

5398502 A *

POSITION HAS BEEN
LEARNED ?

the purpose of learning a reference position.

U.S. PATENT DOCUMENTS

3/1995 Watanabe 123/90.15

START

STARTING
OR ENGINE STALL
STATE ?

12 Claims, 11 Drawing Sheets

S6

MINIMUM
MIN

CONTROL SOLEN-
OID CURR

ENT TO
VALUE

REFERENCE
ED?

S

CONTROL RELATIVE
CONTROL DESIRED | [PHASE TO MOST CONTROL DESIRED
ADVANCE POSITION| [ADVANCED PQSITION ADVANCE POSITION
BY REFERENCING l TO BE COINCIDENT
DATA MAP WITH MID LOCK-UP

ENABLE LEARNING POSITION

OF REFERENCE

POSITION

AN S5

RETURN



U.S. Patent Feb. 18, 2003 Sheet 1 of 11 US 6,520,131 B2

~—21A

13

ECU

FIG. 1

QN




U.S. Patent Feb. 18, 2003

Sheet 2 of 11

US 6,520,131 B2

FIG. 2

STARTING
OR ENGINE STALL
STATE ?

REFERENCE

St

Yes

S6

CONTROL SOLEN-
OID CURRENT TO
M}NIMUM VALUE

POSITION HAS BEEN
LEARNED ?

Yes " [CONTROL RELATIVE
CONTROL DESIRED | |PHASE TO MOST
ADVANCE POSITION} |[ADVANCED POSITION
BY REFERENCING
DATA MAP )
ENABLE LEARNING
OF REFERENCE
POSITION

'\ ss

CONTROL DESIRED
ADVANCE POSITION
TO BE COINCIDENT
WITH MID LOCK-UP

POSITION

RETURN l



U.S. Patent

No

REFERENCE
POSITION HAS BEEN

Feb. 18, 2003

< OR ENGINE STALL

FIG. 3

STARTING
STATE ?

Sheet 3 of 11

St

Yes

S6

CONTROL SOLEN-
OID CURRENT TO
M:NIMUM VALUE

S9

CONTROL || CONTROL
ENGINE ENGINE | gy [Ves
OUTPUT OUTPUT S10
POWER POWER
|GNIROL DESIRED SOVANCE POSITION
ADVA
BY REFERENCING SRR RAaTVE | 170 BE COINCIDENT
\WITH MID LOCK-UP
- ADVANCE?PO&HON\\ WITHMID
] X
S8 [ENABLE LEARNING S4
OF REFERENCE  |—-S5
POSITION

RETURN

US 6,520,131 B2



U.S. Patent Feb.

REFERENCE
POSITION HAS BEEN
LEARNED ?

18, 2003

FIG. 4

START
OR ENGINE STALL
STATE 7

No

|

AS BNEEEEr)\l?LB\R-
S8 _s4 7510
ya Yes
CONTROL DESIRED | [CONTROL RELATIVE CONTROL DESIRED
ADVANCE POSITION| |PHASE TO MOST ADVANCE POSITION
EXTRAE&EEENCWG ADVANCED POSITION| | TO BE COINCIDENT
WITH MID LOCK-UP
/*\< _S13 POSITION
No EMORST . S5
R TA? DED > g4 _
Yes /~ [ENABLE LEARNING
ENABLE LEARNING | | OF REFERENCE
OF SECONDE REF- | | POSITION
ERENCE POSOTION

Sheet 4 of 11

ST

Yes

S2

S6

CONTROL SOLEN-
OID CURRENT TO
MINIMUM VALUE

S9

REFE-
RENCE POSITION™,

RETURN I

US 6,520,131 B2



U.S. Patent

No

CONTROL DESIRED
ADVANCE POSITION
BY REFERENCING
DATAMAP

Feb. 18, 2003

S7
REFERENCE No
POSITION HAS BEEN

FIG.

START

STARTING

STATE ?

COLD STATE ?

Yes —

OR ENGINE STALL

Sheet 5 of 11

5

PERFORM IDLING-
SPEED INCREASING
CONTROL

CONTROL RELATIVE
PHASE TO MOST
ADVANCED POSITION

!
ENABLE LEARNING
OF REFERENCE
POSITION

s

US 6,520,131 B2

St

Yes

S6

CONTROL SOLEN-
OID CURRENT TO
M:NIMUM VALUE

CONTROL DESIRED
ADVANCE POSITION
TO BE COINCIDENT

WITH MID LOCK-UP

POSITION

RETURN l



U.S. Patent Feb. 18, 2003 Sheet 6 of 11 US 6,520,131 B2

21

13

ECU

FIG. 6




U.S. Patent Feb. 18, 2003 Sheet 7 of 11 US 6,520,131 B2

FIG. 7

EXHAUST VALVE INTAKE VALVE
TIMING TIMING
VARIABLE RANGE VARIABLE RANGE

VALVE
LIFT
(mm]

OUTPUT OF CRANK [ | | | | | I |
ANGLE SENSOR

OUTPUT OF CAM I I I
ANGLE SENSOR
(MOST RETARDED) B

OUTPUT OF CAM “ “ I n
ANGLE SENSOR
(MOST ADVANCED) .|




U.S. Patent Feb. 18, 2003 Sheet 8 of 11 US 6,520,131 B2

FIG. 9




U.S. Patent Feb. 18, 2003 Sheet 9 of 11 US 6,520,131 B2

FIG. 11

FIG. 12

FROM TO15,16
15,16 {}
191 1?2 J}/197 196
EZ XA i@ﬂ /%’/' A

IIIIiiiiiiidg /l ]
A
/ ~ < R {
194 198 1} 195 199 )
TO
DRAIN FROM 193

PUMP



U.S. Patent Feb. 18, 2003 Sheet 10 of 11 US 6,520,131 B2

FIG. 13
191 g5 197 196
{
% ' 7 G & i
_J::::::::c}[ | ]
7322[‘:::211 l l
7 o 77
o = = <
194 498 195 199 ]
193
FIG. 14
FROM
T0O15,16 15,16
191490 197ﬁ U’196
{
AT T 77 Q/
ma ] I ]
;/ng/[ T —
e 2 < <
194 198 195 ﬁ 199 ]
TO 193

FROM DRAIN
PUMP



U.S. Patent

Feb. 18, 2003 Sheet 11 of 11

FIG. 15

START

S101

ENGINE IS
ROTATING ?

S104

Yes —
CONTROL INTAKE/
EXHAUST VALVES
TO STOP POSITION
WHERE OVERLAP
IS MINIMUM

S105

PREDE-

TERMINED TIME
PERIOD to HAS
ELA%SED

Yes

DETERMINE ARITH-
METICALLY ROTATI-
ONAL PHASE DIFF-

ERENCE

!

DETERMINE ARITH-
METICALLY DEVIAT- [~—S107
ION DDA

!

STORE DDAAS
LEARNED VALUE

S108

RETURN |

US 6,520,131 B2



US 6,520,131 B2

1

VALVE TIMING CONTROL SYSTEM FOR
INTERNAL COMBUSTION ENGINE

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention generally relates to a valve timing
control apparatus or system for an internal combustion
engine which system is designed for controlling operation
timings of intake valves and exhaust valves of the engine in
dependence on the engine operation states or modes. More
particularly, the present invention is concerned with a valve
timing control system for an internal combustion engine
which system is designed for accelerating or promoting
temperature rise of a catalytic converter disposed in an
exhaust pipe of the engine in a cold-state idling operation
mode while learning a reference (or standard) cam angle for
preventing or suppressing occurrence of changes in the
engine rotation speed (rpm) as well as engine stall event by
stabilizing the engine control performance in a warm-state
idling operation mode and ensuring a significant reduction
of harmful components contained in the exhaust gas dis-
charged from the engine.

2. Description of Related Art

In recent years, in the industrial field of internal combus-
tion engines for the motor vehicles and others, the statutory
regulations imposed on the emission of harmful substances
or components contained in the exhaust gas discharged to
the atmosphere from the engine mounted on a motor vehicle,
automobile or the like become more and more severe from
the standpoint of the protection of environment. Under the
circumstances, there exists a great demand for reducing the
emission of harmful substances or components contained in
the exhaust gas discharged from the internal combustion
engine.

In general, there have heretofore been adopted two sorts
of methods of reducing the harmful exhaust gas compo-
nents. One method is directed to reduction of the harmful
gas directly discharged from the internal combustion engine
(hereinafter also referred to simply as the engine). The other
method is directed to the reduction of the harmful compo-
nents through posttreatment of the engine exhaust gas by
means of a catalytic converter (hereinafter also referred to
simply as the catalyst) installed within an exhaust pipe of the
engine at an intermediate location thereof.

As is well known in the art, in the catalytic converter such
as mentioned above, reaction of making the harmful gas
components be harmless is difficult to take place or rendered
impossible unless the temperature of the catalyst has reached
a predetermined level. Consequently, it is an important
requirement to increase or rise speedily the temperature of
the catalyst even when the internal combustion engine is, for
example, in the course of starting operation in the cold state
(ie., in the state of low temperature).

In recent years, in an effort to enhance the engine output
power while reducing the harmful exhaust gases and
improving the fuel-cost performance, there has been devel-
oped and increasingly adopted a valve timing control system
which is capable of changing or altering the valve timings
for intake/exhaust valves of engine cylinders in dependence
on the operating states of the engine.

In more concrete, in the conventional valve timing control
system known heretofore, an actuator means is provided for
changing or modifying the relative angular position (relative
phase) of cam shafts relative to the crank shaft of the engine,
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wherein reference or standard position of the actuator means
is stored by detecting the angular position of the crank shaft
and the relative positions or phases of the cam shafts relative
to the cam shaft to thereby control the relative position(s) or
phase(s) of the cam shaft(s) in dependence on the engine
operating states.

Further, a locking mechanism is provided in association
with the actuator means, which mechanism is designed to
operate at an intermediate or mid position between the most
advanced angular position and the most retarded angular
position so that the actuator means can engage with the
locking mechanism upon starting of the engine operation
while allowing the valve timing control to be carried out in
dependence on the operating state of the engine after it has
been started.

More specifically, an electronic control unit (hereinafter
also referred to as the ECU in short) is provided which
serves as a control means and is so designed as to detect the
rotational phase or position (angular position) of the cam
shaft for controlling the valve timing to thereby learn phase
difference relative to the reference or standard rotational
position of the cam shaft while regulating mechanically the
tendency of the rotational phase to vary.

The valve timing control system mentioned above
includes a variable valve timing mechanism (also referred to
as the VVT mechanism in short) which is comprised of a
vane disposed rotatably within a housing for changing the
phase or angular position of the cam shaft which drives the
intake valve or the exhaust valve. In this conjunction,
description concerning the vane arrangement will be made
in detail later on.

At this juncture, it should however be mentioned that in
the engine starting operation mode, the vane of the variable
valve timing mechanism is held substantially at a mid
position (start corresponding position) for regulating the
relative rotation or angular displacement of the cam shaft
relative to the crank shaft and releasing the regulation upon
lapse of a predetermined time after the start of engine
operation.

The valve timing control system of this type is disclosed,
for example, in Japanese Patent Application Laid-open Pub-
lication No. 324613/1997 (JP-A-9-324613).

For having better understanding of the concept underlying
the present invention, description will first be made in some
detail of a hitherto known or conventional valve timing
control system for an internal combustion engine. FIG. 6 is
a functional block diagram showing generally and schemati-
cally a configuration of a conventional valve timing control
system for an internal combustion engine disclosed in the
above-mentioned publication together with several periph-
eral constituent parts of the engine.

Referring to FIG. 6, the intake air taken in through an
intake pipe 4 is charged into a combustion chamber(s)
defined within the cylinder(s) of the engine 1 by way of an
air cleaner 2. An air-flow sensor 3 is disposed in the intake
pipe 4 at a position downstream of the air cleaner 2.

The air cleaner 2 is designed to purify the intake air fed
into the combustion chamber(s) defined within the engine
cylinder(s). The air flow sensor 3 is designed to measure the
quantity or flow rate of the intake air.

Further, installed in the intake pipe 4 are a throttle valve
5, an idle speed control valve (also referred to simply as the
ISCV in short) 6 and a fuel injector 7.

The throttle valve 5 is designed to adjust or regulate the
intake air quantity (i.c., the amount or flow rate of the intake
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air) flowing through the intake pipe 4 for thereby controlling
the output power or torque of the engine 1. The idle speed
control valve 6 is designed to adjust or regulate the intake air
flow which bypasses the throttle valve 5 to thereby effectuate
the control of the engine rotation speed (rpm) in the idle
operation state. Further, the fuel injector 7 is designed to
inject into the intake pipe 4 an amount of fuel which
conforms to the flow rate of the intake air.

Additionally, provided internally of the combustion
chamber of the engine cylinder 1 is a spark plug 8 designed
to produce a spark discharge for triggering combustion of
the air-fuel mixture charged in the combustion chamber
defined within the cylinder. The spark plug 8 is electrically
connected to an ignition coil 9 which supplies electric power
of high voltage to the spark plug 8.

An exhaust pipe 10 is provided for discharging an exhaust
gas which results from the combustion of the air-fuel mix-
ture within the engine cylinder. An O,-sensor 11 and a
catalytic converter 12 are disposed in the exhaust pipe 10.
The O,-sensor 11 serves for detecting the content of residual
oxygen contained in the exhaust gas.

The catalytic converter (or catalyst) 12 is constituted by a
three-way catalytic converter known by itself and serves for
eliminating simultaneously harmful gas components such as
HC (hydrocarbon), CO (carbon monoxide) and NO,
(nitrogen oxides) contained in the exhaust gas.

A sensor plate 13 designed for detecting the crank angle
is mounted on a crank shaft (not shown) of the engine so as
to corotate therewith. The sensor plate 13 is provided with
a projection (not shown) at a predetermined crank angle in
the outer periphery of the plate.

A crank angle sensor 14 is installed at a position diametri-
cally opposite to the outer periphery of the sensor plate 13
for detecting the angular position of the crank shaft in
cooperation with the sensor plate 13. Thus, the crank angle
sensor 14 can generate an electric signal indicative of the
crank angle (i.e., the pulse-like crank angle signal) every
time the projection of the sensor plate 13 passes by the crank
angle sensor 14. In this way, the rotational position or
angular position (i.c., crank angle) of the crank shaft can be
detected.

The engine 1 is equipped with intake and exhaust valves.
The timing at which the intake pipe 4 and the exhaust pipe
10 are put into mutual communication are determined by the
intake and exhaust valves. On the other hand, the timings for
driving the intake and exhaust valves are determined by the
cam shafts which rotate at a speed equal to a half of that of
the crank shaft. This will be described later on.

Actuators 15 and 16 are provided for the purpose of
changing adjustably the cam phases. In other words, the
timings for driving or actuating the intake and exhaust
valves are individually changed by these actuators 15 and
16, respectively.

In more concrete, each of the actuators 15 and 16 is
comprised of a retarding hydraulic chamber and an advanc-
ing hydraulic chamber partitioned from each other, as will be
described later on, for changing the rotational or angular
positions (phases) of the cam shafts 15C and 16C,
respectively, relative to the crank shaft.

Cam angle sensors 17 and 18 are disposed at positions
diametrically opposite to the outer periphery of cam angle
detecting sensor plates (not shown) with the aim of detecting
the angular positions of the cams (i.e., cam angles or phases)
in cooperation with the associated sensor plates. More
specifically, each of the cam angle sensors 17 and 18 is
designed to generate a pulse signal indicative of the cam
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angle (i.e., the cam angle signal) in response to a projection
formed in the outer periphery of the associated cam angle
detecting sensor plate in a similar manner as the crank angle
sensor 14 described previously. In this way, it is possible to
detect the cam angles (or cam phases) and hence the angular
positions of the cam shafts.

0Oil control valves (also referred to as the OCV in short)
19 and 20 constitute hydraulic pressure supply units in
cooperation with oil pumps (not shown) and serve for
controlling or regulating the hydraulic pressure supplied to
the individual actuators 15 and 16 for controlling the cam
phases. Incidentally, the oil pump is designed to feed oil at
a predetermined hydraulic pressure.

An electronic control unit (also referred to simply as the
ECU) 21 which may be constituted by a microcomputer or
microprocessor serves as a control means for performing
overall control of the internal combustion engine system.
Thus, the ECU 21 is in charge of controlling the fuel
injectors 7 and the spark plugs 8 as well as the angular
positions or rotational phases of the cam shafts 15C and 16C
in dependence on the engine operating states detected by the
various sensors such as the air-flow sensor 3, the O,-sensor
11, the crank angle sensor 14 and the cam angle sensors 17
and 18.

Further provided in association with the throttle valve § is
a throttle position sensor (not shown in the figure) for
detecting the throttle opening degree. Furthermore, a water
temperature sensor is provided for detecting the temperature
of engine cooling water. The throttle opening degree and the
cooling water temperature as detected are also supplied to
the ECU 21 as the information indicative of the operating
state of the engine 1 similarly to the various sensor infor-
mation mentioned above.

Next, description will be made of the conventional engine
control operation performed by the prior art valve timing
control system shown in FIG. 6. In the first place, the air
flow sensor 3 measures the air quantity (flow rate of the
intake air) fed to the engine 1, the output of the air-flow
sensor 3 being supplied to the ECU 21 as one of the
detection information indicative of the operating state of the
engine.

The electronic control unit or ECU 21 arithmetically
determines the fuel injection quantity which conforms to the
air quantity as measured to thereby drive or actuate corre-
spondingly the fuel injector 7. At the same time, the ECU 21
controls the time duration of electrical energization of the
ignition coil 18 as well as the timing for interruption thereof
to thereby cause the spark plug 8 to produce a spark
discharge for igniting or firing the air-fuel mixture charged
within the combustion chamber defined within the engine
cylinder at a proper timing.

On the other hand, the throttle valve 5 serves for adjusting
or regulating the amount of intake air fed to the engine with
the aim of controlling correspondingly the output torque or
power generated by the engine 1. The exhaust gas resulting
from the combustion of the air-fuel mixture within the
cylinder of the engine 1 is discharged through the exhaust
pipe 10.

In that case, the catalytic converter 12 disposed within the
exhaust pipe 10 at an intermediate location thereof converts
the harmful components contained in the exhaust gas such as
hydrocarbon (HC) (unburned gas), carbon monoxide (CO)
and nitrogen oxides (NO,) into harmless carbon dioxide and
water (H,O). In this manner, the engine exhaust gas is
purified to be subsequently discharged to the atmosphere.

In order to make available a maximum purification effi-
ciency of the three-way catalytic converter 12, the O,-sensor
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11 is installed in association with the exhaust pipe 10 for
detecting the amount of residual oxygen contained in the
exhaust gas. The output signal of the O,-sensor 11 is
inputted to the electronic control unit or ECU 21 which
responds thereto by regulating through a feedback loop the
amount of fuel injected by the fuel injector 7 so that the
air-fuel mixture which is to undergo combustion can assume
the stoichiometric ratio.

In addition, the ECU 21 controls the actuators 15 and 16
(which constitute parts of the variable valve timing
mechanism) in dependence on the engine operating state for
regulating variably or adjustably the timings at which the
intake and exhaust valves are to be driven or actuated.

In the following, by reference to FIGS. 7 to 14, descrip-
tion will be made in concrete of the phase angle control
operation preformed for the cam shafts 15C and 16C by the
conventional valve timing control system of the internal
combustion engine.

By the way, it should be mentioned that in the case of the
conventional internal combustion engine of the fixed valve
timing type (not shown), torque of the crank shaft is trans-
mitted to the cam shafts through the medium of the timing
belts (timing chains) and transmission mechanisms includ-
ing pulleys and sprockets coupled operatively to the cam
shafts which corotate with the respective pulleys.

By contrast, in the case of the internal combustion engine
equipped with the variable valve timing mechanism shown
in FIG. 6, there are provided in place of the pulleys and the
sprockets mentioned above the actuators 15 and 16 which
are designed to change the relative phase positions between
the cam shafts and the crank shaft.

FIG. 7 is a view for illustrating relations between the
crank angle [CA] and the valve lift stroke [mm] Ad indi-
cating the degree of valve opening (hereinafter also referred
to as the valve opening degree). In the figure, the top dead
center in the compression stroke of the cylinder is desig-
nated by reference symbol TDC.

In FIG. 7, a single-dotted broken line curve represents
change of the valve lift stroke when the valve operation
timing is shifted to a most retarded position delimited
mechanically, a broken line curve represents change of the
valve lift stroke when the valve operation timing is shifted
to a most advanced position delimited mechanically, and a
solid line curve represents change of the valve lift stroke in
a lock-up state where the valve operation timing is neither
retarded nor advanced, being locked by a locking mecha-
nism which will be described hereinafter.

Referring to FIG. 7, it is to be noted that the peak position
of the valve lift stroke on the retard side (right-hand side as
viewed in the figure) with reference to the top dead center
(TDC) corresponds to the fully opened position of the intake
valve while the peak position of the valve lift stroke on the
advance side (left-hand side as viewed in the figure) corre-
sponds to the fully opened position of the exhaust valve.

Accordingly, difference in the crank angle between the
peaks on the retard side and the advance side (i.e., difference
between the single-dotted line curve and the broken line
curve) represents the range within which the valve operation
timing can be changed (i.e., the valve operation timing
variable range). To say in another way, the valve operation
timing or valve timing in short can be changed or varied
within the crank angle range defined between the broken line
curve and the single-dotted line curve in each of the suction
and exhaust operations, respectively.

FIG. 8 is a timing chart for illustrating timing or phase
relations between the output pulse signal of the crank angle
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sensor 14 on one hand and that of the cam angle sensor 17
or 18 on the other hand. More specifically, shown in FIG. 8
are the output pulse signals of the cam angle sensor 17 or 18
when the valve timing is most retarded and when the valve
timing is most advanced, respectively, relative to the output
pulse signal of the crank angle sensor 14.

In this conjunction, it should be added that the phase
position of the output signal of the cam angle sensor 17 or
18 relative to the output pulse signal of the crank angle
sensor 14 (i.e., crank angle position) becomes different in
dependence on the positions at which the cam angle sensor
17; 18 is mounted.

At this juncture, it should further be mentioned that
retarding of the valve timing (valve operation timing) means
that the valve opening start timings of both the intake and
exhaust valves are retarded or delayed relative to (or with
reference to) the crank angle, while advancing of the valve
timing means that the valve opening start timings of both the
intake and exhaust valves are advanced relative to the crank
angle.

The opening start timings for the intake valve and the
exhaust valves can be changed or modified by means of the
actuators 15 and 16 which constitute parts of the variable
valve timing mechanism to be thereby so controlled as to
assume a given retarded position or advanced position
within the valve timing adjustable or variable range men-
tioned previously by reference to FIG. 7.

FIGS. 9 to 11 are perspective views showing schemati-
cally an internal structure of the actuators 15 and 16 which
can be implemented substantially identical with each other.
More specifically, FIG. 9 shows the actuator (15; 16) in a
state where the cam phase is adjusted to the most retarded
position (corresponding to the state indicated by the single-
dotted line curve in FIG. 7), FIG. 10 shows the actuator in
the state where the cam phase is adjusted to the locked or
lock-up position (corresponding to the state indicated by the
solid line curve in FIG. 7), and FIG. 11 shows the actuator
in the state where the cam phase is adjusted to the most
advanced position (corresponding to the state indicated by
the broken line curve in FIG. 7), respectively.

Referring to FIGS. 9, 10 and 11, each of the actuators 15
and 16 is comprised of a housing 151 which is rotatable in
the direction indicated by an arrow, a vane assembly 152
which can rotate together with the housing 151, retarding
hydraulic chambers 153 and advancing hydraulic chambers
154 both defined internally of the housing 151, a lock pin
155 and a spring 156 which are provided within the housing
151, and a locking recess 157 formed in the vane assembly
152.

Power or torque is transmitted to the housing 151 from the
crank shaft through the medium of a belt/pulley transmission
(not shown) with the rotation speed being reduced by a
factor of 1/2.

The position (phase position) of the vane assembly 152 is
caused to shift within the housing 151 in response to the
hydraulic pressure supplied selectively to the retarding
hydraulic chamber 153 or the advancing hydraulic chamber
154.

The range of operation (hereinafter also referred to as the
operation range) of the vane assembly 152 is determined or
delimitated by the retarding hydraulic chamber 153 and the
advancing hydraulic chamber 154.

The spring 156 resiliently urges the lock pin 155 in the
protruding direction while the locking recess 157 is formed
at a predetermined vane lock-up position so that the recess
157 faces in opposition to the tip end of the lock pin 155.
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Parenthetically, an oil feed port (not shown) is formed in
the locking recess 157 through which the hydraulic medium
(ie., oil in this case) is supplied interchangeably from either
one of the retarding hydraulic chamber 153 and the advanc-
ing hydraulic chamber 154 within which a higher hydraulic
pressure prevails.

The vane assembly 152 adapted to be operated within the
retarding hydraulic chamber 153 and the advancing hydrau-
lic chamber 154 (ie., operation range of the vane) and
shifted in respect to the angular position or phase thereof is
operatively coupled to each of the cam shafts 15C and 16C
which are designed to drive the intake and exhaust valves,
respectively, of the engine cylinder.

Although not shown in the drawings, the actuator 16 for
the exhaust valve driving cam shaft is provided with a spring
for resiliently urging the vane assembly 152 so that it can
assume the advanced position against the reaction force
exerted by the cam shaft 16C.

The actuators 15 and 16 are driven under the hydraulic
pressure of a lubricant oil of the engine 1 supplied through
the oil control valves 19 and 20. For controlling the cam
angle phases of the actuators 15 and 16 in such manner as
described above by reference to FIGS. 9 to 11, control is
performed for the amount of oil (i.e., hydraulic pressure) fed
to the actuators 15 and 16.

By way of example, regulation of the cam angle phase to
the most retarded position, as illustrated in FIG. 9, can be
realized by feeding oil into the retarding hydraulic chamber
153. On the contrary, regulation of the cam angle phase to
the most advanced position, as illustrated in FIG. 11, can be
effectuated by feeding lubricant oil into the advancing
hydraulic chamber 154.

The oil control valves 19 and 20 are in charge of selecting
either the retarding hydraulic chamber 153 or the advancing
hydraulic chamber 154 for the oil supply. FIGS. 12, 13 and
14 show schematically in side-elevational sectional views
the internal structure of the oil control valves 19 and 20
which can be implemented in a substantially identical struc-
ture.

Referring to FIGS. 12 to 14, each of the oil control valves
19 and 20 is comprised of a cylindrical housing 191, a spool
192 slideably disposed within the housing 191, a solenoid
coil 193 for driving slideably moving continuously the spool
192 and a compression spring (return spring) 194 for resil-
iently urging the spool 192 in the restoring direction.

The housing 191 is provided with an orifice 195 which is
hydraulically communicated to a pump (not shown), orifices
196 and 197 hydraulically connected to the actuator 15 or
16, and drain orifices 198 and 199 which are fluidly com-
municated to an oil pan.

The orifice 196 can be communicated to the retarding
hydraulic chamber 153 of the actuator 15 or alteratively to
the advancing hydraulic chamber 154 of the actuator 16. On
the other hand, the orifice 197 can be hydraulically com-
municated to the advancing hydraulic chamber 154 of the
actuator 15 or alternatively to the retarding hydraulic cham-
ber 153 of the actuator 16.

The orifices 196 and 197 are selectively put into hydraulic
communication with the oil feeding orifice 195 in depen-
dence on the axial position of the spool 192 (i.c., the position
of the spool in the longitudinal direction thereof). In the state
shown in FIG. 12, the orifice 195 is shown as being
communicated to the orifice 196, while in FIG. 14, the
orifice 195 is shown as being communicated to the orifice
197.

Similarly, the drain orifices 198 and 199 are selectively
put into communication with the orifice 197 or 196 in
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dependence on the axial position of the spool 192. In the
state shown in FIG. 12, the orifice 197 is shown as being
communicated to the orifice 198, while in FIG. 14, the
orifice 196 is being communicated to the orifice 199.

The oil feed port (not shown) formed in the locking recess
157 is so arranged as to be supplied with oil when the
associated oil control valve 19; 20 is in the electrically
driven state (i.c., the state shown in FIG. 14). More
specifically, when the hydraulic pressure applied to the
locking recess 157 overcomes the spring force of the spring
156, the lock pin 155 is pushed out from the locking recess
157, whereby the locked state is cleared.

FIG. 12 shows the state in which the electric current
flowing through the solenoid or coil 193 is at a minimum
value and thus the spring 194 is stretched or relaxed to a
maximum extent.

Assuming that the oil control valve shown in FIG. 12
serves as the oil control valve 19 on the intake valve side, the
hydraulic medium or oil supplied from the pump via the
orifice 195 flows into the retarding hydraulic chamber 153 of
the actuator 15, as a result of which the actuators 15 is
moved to the state illustrated in FIG. 9.

Consequently, the oil resident in the advancing hydraulic
chamber 154 of the actuator 15 is forced to flow out through
the orifice 197 to be finally discharged to the oil pan by way
of the orifice 198.

On the other hand, assuming that the oil control valve
shown in FIG. 12 serves as the oil control valve 20 on the
exhaust valve side, the situation is reversed. Namely, the
hydraulic medium or oil supplied from the pump via the
orifice 196 flows into the advancing hydraulic chamber 154
of the actuator 16, as a result of which the actuators 16 is
ultimately set to the state illustrated in FIG. 11.

In that case, the oil contained in the retarding hydraulic
chamber 153 of the actuator 16 is forcibly discharged to the
oil pan by way of the orifices 197 and 198.

By virtue of the hydraulic circuit arrangement (oil flow
path arrangement) described above by reference to FIG. 12,
valve overlap between the intake and exhaust valves can be
suppressed to a minimum even if there occurs failure such
as shutdown of electric current supply to either one of the oil
control valves 19 and 20 disposed on the intake valve side
and the exhaust valve side, respectively, due to wire break-
age or the like default. This feature is advantageous from the
viewpoint of ensuring a high withstandability against occur-
rence of the engine stall event.

Illustrated in FIG. 14 is the state in which the energizing
current flowing through the coil 193 is of a maximum value
and thus the spring 194 is compressed to the minimum
length.

Assuming, by way of example, that the oil control valve
shown in FIG. 14 serves as the oil control valve 19 on the
intake valve side, the oil fed from the pump is caused to flow
into the advancing hydraulic chamber 154 of the actuator 15
via the orifice 197, whereas the oil in the retarding hydraulic
chamber 153 of the actuator 15 is discharged via the orifices
196 and 199.

On the other hand, in the case where the oil control valve
shown in FIG. 14 serves as the oil control valve 20 on the
exhaust valve side, the oil fed from the pump is forced to
flow into the retarding hydraulic chamber 153 of the actuator
16 via the orifice 197, while the oil in the advancing
hydraulic chamber 154 of the actuator 16 is drained via the
orifices 196 and 199.

FIG. 13 shows the state corresponding to the valve timing
control end position or lock-up position (intermediate or mid
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position). In this state, the vane assembly 152 of the actuator
15; 16 is at a given desired position or in the state illustrated
in FIG. 10.

In the state illustrated in FIG. 13, the orifice 195 provided
on the oil supply side is not directly communicated to the
orifice 196 or 197 disposed on the actuator side. However,
due to oil leakage, it is possible to supply the oil to the oil
feed port of the locking recess 157 (see FIG. 10).

Accordingly, even when the vane assembly 152 is at the
lock-up position, there can arise such situation in which the
hydraulic pressure applied to the oil feed port under the oil
leakage overcomes the spring force of the spring 156 (i.c.,
exceeds the predetermined unlocking hydraulic pressure
value). In that case, the lock pin 155 is caused to disengage
from the locking recess 157, allowing the vane assembly 152
to move or operate within the housing 151.

At this juncture, it should be mentioned that the prede-
termined unlocking hydraulic pressure mentioned above
may be set at a necessary minimum level by adjusting the
spring force of the spring 156 or by resorting to any other
appropriate means.

Furthermore, the positions (phases) of the vane assembly
152 of the actuators 15 and 16 which play the crucial role in
determining the valve operation timings can appropriately
be controlled by detecting the vane positions by means of the
cam angle sensors 17 and 18.

The cam angle sensors 17 and 18 are mounted at the
positions at which these sensors are capable of detecting the
relative position between the crank shaft on one hand and the
cam shafts 15C and 16C on the other hand.

Referring to FIG. 8, the phase difference or deviation
relative to the output signal of the crank angle sensor when
the valve operation timing is at the most advanced position
(see the broken line curve shown in FIG. 7) is indicated by
A, whereas the phase difference or deviation relative to the
output signal of the crank angle sensor when the valve
timing is at the most retarded position (see the single-dotted
line curve shown in FIG. 7) is indicated by B.

The ECU 21 is so designed or programmed as to perform
the feedback control such that the phase differences A and B
as detected coincide with respective desired value, whereby
the valve timing control can be carried out at a given
position.

More specifically, it is assumed, by way of example only,
that on the intake valve side, the detected position of the cam
angle sensor 17 relative to the detection timing of the crank
angle sensor 14 is retarded with reference to the desired
position arithmetically determined by the ECU 21. In that
case, the detected position (detection timing) of the cam
angle sensor 17 has to be to advanced to the desired position.
To this end, the amount of the electric current flowing
through the solenoid or coil 193 of the oil control valve 19
is regulated correspondingly in dependence on the difference
between the detected position and the desired position, to
thereby control the spool 192.

Further, in the case where the phase difference between
the desired position and the detected position is large, the
amount of the electric current supplied to the coil 193 of the
oil control valve 19 is increased in order to allow the desired
position to be followed or attained speedily by the detected
position.

As aresult of this, the aperture of the orifice 197 opened
into the advancing hydraulic chamber 154 of the actuator 15
is increased, which results in increasing of the amount of oil
fed to the advancing hydraulic chamber 154.
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Subsequently, as the detected position approaches to the
desired position, the current supply to the coil 193 of the oil
control valve 19 is decreased so that the position of the spool
192 of the oil control valve 19 becomes closer to the position
illustrated in FIG. 13.

At the time point when coincidence is found between the
detected position and the desired position, the electric cur-
rent supply to the coil 193 is so controlled that the oil flow
paths leading to the retarding hydraulic chamber 153 and the
advancing hydraulic chamber 154 of the actuator 15 are
LAW intercepted, as is shown in FIG. 13.

Incidentally, the desired position in the ordinary engine
operation mode (e.g. running state succeeding to the warm-
up operation) can be so set or established that optimal valve
timing can be realized in dependence on the engine opera-
tion states by storing in advance, for example, two-
dimensional map data values obtained experimentarily in
correspondence to the engine operation states (e.g. engine
rotation speeds (rpm) and-engine loads) in a read-only
memory or ROM incorporated in the ECU 21.

On the other hand, in the engine starting mode, the
rotation speed of the oil pump which is driven by the engine
1is not sufficiently high. Consequently, the amount of the oil
fed to the actuator 15 is also insufficient. Thus, the control
of the valve operation timing toward the advanced position
by controlling the hydraulic pressure as described above is
rendered practically impossible.

Such being the circumstances, jolting or fluttering of the
vane assembly 152 due to shortage of the hydraulic pressure
is prevented by engaging the lock pin 155 with the locking
recess 157, as shown in FIG. 10.

In that case, if the intake valve is actuated with an
excessively large retard (i.e., if the valve operation timing is
overretarded), the actual compression ratio becomes low-
ered while excessive advancing of actuation of the intake
valve (i.e., overadvancing of the valve timing) will result in
increasing of the time period during which the intake valve
and the exhaust valve overlap with each other. In other
words, overretarded or overadvanced actuation of the intake
valve results in increasing of the pumping loss.

Certainly, the overretarded or overadvanced actuation
control of the intake valve can profitably be adopted for
increasing the rotation speed in the engine starting operation
(e.g. upon cranking) and triggering the initial explosion.
However, because the combustion is essentially inadequate,
complete combustion or explosion is difficult to realize,
which will ultimately lead to degradation of the starting
performance of the engine.

On the other hand, overretarding of actuation of the
exhaust valve will result in increasing of the overlap period
during which the intake valve and the exhaust valve overlap
with each other, similarly to the case where operation of the
intake valve is advanced excessively. By contrast, overad-
vancing of the exhaust valve actuation will incur lowering of
the actual expansion ratio, rendering it impossible to trans-
mit effectively and sufficiently the combustion energy to the
crank shaft.

As is apparent from the above, overretarded or overad-
vanced control of the valve operation or actuation timings in
the engine starting operation or immediately thereafter may
unwantedly incur degradation of the engine starting perfor-
mance or incapability of starting the engine operation in the
worst case.

Thus, for coping with the problems encountered in the
engine starting operation, as described above, the vane
assembly 152 is fixedly set at the lock-up position (ic.,
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nearly mid position between the most retarded position and
the most advanced position) by engaging the lock pin 155
into the locking recess 157, as shown in FIG. 10.

In that case, since the hydraulic pressure of the lubricating
oil increases as the engine rotation speed (rpm) increases in
succession to the engine starting operation, the hydraulic
pressure is fed to the actuators 15 and 16 because of the oil
leakage described previously even in the state where the
spool 192 is at the position shown in FIG. 13.

Consequently, when the hydraulic pressure applied to the
locking recess 157 overcomes the spring force of the spring
156, the lock pin 155 is caused to disengage from the locking
recess 157, allowing the vane assembly 152 to move rota-
tionally.

Thus, by controlling the oil control valves 19 and 20 after
unlocking of the vanes, the hydraulic pressure fed to the
retarding hydraulic chamber 153 and the advancing hydrau-
lic chamber 154 can be regulated, whereby the valve timing
retarding or advancing control can be carried out.

In that case, in the high-speed rotation range of the engine
1 among others, the valve operation or actuation timing is so
controlled as to be retarded much more when compared with
the engine starting operation, for the purpose of realizing the
suction inertia effect as well as enhancement of the volu-
metric efficiency and hence the output performance of the
engine.

As can be appreciated from the foregoing, in the engine
starting operation, the lock pins 155 of the actuators 15 and
16 are locked at an approximately mid position between the
most retarded position and the most advanced position with
a view to enhancing the engine starting performance. On the
other hand, once the engine operation has been started after
releasing of the locking mechanism, the valve operation
timing is so controlled as to be retarded especially in the
high-speed rotation range of the engine for thereby enhanc-
ing the engine output performance.

Next, by referring to FIG. 15, description will be directed
to a learn processing operation of the reference (standard)
position in a conventional valve timing control system for an
internal combustion engine, which system is disclosed, for
example, in Japanese Patent Application Laid-Open Publi-
cation No. 229914/1999 (JP-A-11-229914).

FIG. 15 is a flow chart for illustrating operation of the
conventional valve timing control system of the internal
combustion engine disclosed in the abovementioned publi-
cation.

Referring to FIG. 15, it is decided in a step S101 whether
or not the engine 1 is rotating. When decision is made in the
step S101 that the engine 1 is not rotating (when the decision
step S101 results in negation “No”), the processing routine
shown in FIG. 15 comes to an end without executing the
processing steps which succeed to the step S101.

On the other hand, when decision is made in the step S101
that the engine 1 is rotating (when the decision step S101
results in affirmation “Yes”), decision is then made as to
whether or not engine rotation speed (rpm) Ne is equal to or
greater than a predetermined rotation speed (rpm) Neo (step
$102).

When it is decided in the step S102 that the engine
rotation speed (rpm) Ne is smaller than the predetermined
rotation speed (rpm) Neo (i.e., when the decision step S102
results in “No”), the processing routine shown in FIG. 15 is
terminated. By contrast, when the engine rotation speed
(rpm) Ne is equal to or greater than the predetermined
rotation speed (rpm) Neo (i.e., when the decision step $102
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results in “Yes™), it is then decided in a step S103 whether
or not cooling water temperature Tw of the engine 1 is equal
to or higher than a predetermined temperature Two indica-
tive of the warm-up operation.

When it is found in the step S103 that the cooling water
temperature Tw is lower than the predetermined temperature
Two, indicating that the engine 1 is in the cold state (i.c.,
when the decision step S103 results in “No”), the processing
routine shown in FIG. 15 is terminated.

On the other hand, when decision is made that the cooling
water temperature Tw is equal to or higher than the prede-
termined temperature Two (i.e., when the decision step S103
results in “Yes”), the valve timing is so controlled as to be
set to a stop position where magnitude of the valve overlap
is at a minimum (step S104).

In succession, decision is made in a step S105 as to
whether or not a predetermined time to has lapsed. When it
is decided in the step S105 that the predetermined time to
has not lapsed yet (i.e., when the decision step S105 results
in negation “No”), the processing routine shown in FIG. 15
is terminated.

By contrast, when it is decided in the step S105 that the
predetermined time to has lapsed (i.e., when the decision
step S105 results in affirmation “Yes”), a rotational phase
difference DA1 between the crank shaft and the cam shaft is
arithmetically determined (step S106), whercon a value
resulting from subtraction of a reference rotational phase
difference Dao from the rotational phase difference DA1 is
determined as a deviation or difference DDA (step S107).

Finally, the deviation or difference DDA is stored in a
memory as a learned value (step S108), whereon the pro-
cessing routine shown in FIG. 15 comes to an end.

Through the processings described above, the valve tim-
ing of the intake valve can be so controlled as to be set or
shifted to the most retarded position with the valve timing of
the exhaust valve being so controlled as to be shifted to the
most advanced position in the warm-up idling operation
mode of the engine 1, whereby the magnitude of the valve
overlap between both the intake and exhaust valves and
hence the amount of gas flowing intactly through the engine
cylinder can be reduced to a minimum, as a result of which
controllability in the warmup idling operation mode can be
enhanced.

In this case, the most retarded. position and the most
advanced position for the intake valve and the exhaust valve,
respectively, are set as the learned values in the warm-up
idling operation mode. Thus, the reference position can be
learned within an ordinary cam position control range with-
out need for changing the cam angle.

Parenthetically, in the control system in which the valve
timing is held at a nearly mid position between the most
retarded position and the most advanced position in the
engine starting operation mode, as described in Japanese
Patent Application Laid-Open Publication No. 314613/1997
(JP-A-9-324613) mentioned hereinbefore, the cam angle
must be changed with a view to learning a reference position
which differs from that for the ordinary control.
Accordingly, the reference position learn processing
described above by reference to FIG. 15 can not be adopted.

Furthermore, in order to learn the reference (or standard)
position of the cam angle, there arises the necessity for
setting the cam angles (the most retarded position and the
most advanced position) which differs from those for the
ordinary operation control, which will undesirably exert
adverse influence to the engine performance, incurring
variation in the engine rotation speed or the like unfavorable
events, to a disadvantage.

































