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(54) Valve timing adjuster

(57)  Acontrol apparatus (30) controls supply of work-
ing fluid to advancing chambers (51-54) and retarding
chambers (55-58). The control apparatus (30) alternately
and repeatedly implements an advancing supply period,
during which the working fluid is supplied to the advanc-

FIG. 1

ing chambers (51-54), and a retarding supply period, dur-
ing which the working fluid is supplied to the retarding
chambers (55-58), at time of limiting a phase of a cam-
shaft (2) relative to a crankshaft within a target phase
range.
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Description

[0001] The present invention relates to a valve timing
adjuster, which adjusts opening and closing timing (here-
inafter, simply referred to as valve timing) of at least one
of an intake valve and an exhaust valve of an internal
combustion engine.

[0002] For example, a previously known valve timing
adjuster includes a housing and a vane rotor. The hous-
ing serves as a first rotatable body and is rotated together
with a drive shaft, and the vane rotor serves as a second
rotatable body and is rotated together with a driven shaft.
In the valve timing adjuster, advancing chambers and
retarding chambers are arranged one after another in the
rotational direction. Each of the advancing chambers and
the retarding chambers is formed between a correspond-
ing one of shoes of the housing and a corresponding one
of vanes of the vane rotor. Working fluid is supplied to
the advancing chambers or the retarding chambers to
drive the driven shaft relative to the drive shaft in an ad-
vancing direction or a retarding direction to adjust the
valve timing.

[0003] In such a valve timing adjuster, as recited in,
for example, Japanese Unexamined Patent Publication
No.2006-63835, a variable torque is applied to the driven
shaft in response to the rotation of the internal combus-
tion engine. The variable torque is a torque that period-
ically varies, i.e., changes in an advancing direction for
advancing the driven shaft or in a retarding direction for
retarding the driven shaft in response to the rotation of
the internal combustion engine. Here, the variable torque
is caused by, for example, a spring reaction force of each
corresponding valve, which is opened and closed by the
driven shaft. Also, in a case where a mechanical pump
is driven by the driven shaft, the variable torque is gen-
erated by a drive reaction force of the mechanical pump.
In the valve timing adjuster, in which the variable torque
is transmitted through the driven shaft, the phase of the
driven shaft (hereinafter, referred to as an engine phase)
relative to the drive shaft is set when the torques applied
to the driven shaft are balanced. Besides the above-de-
scribed variable torque, these torques also include a ro-
tational torque, which is generated by supply of the fluid
to the advancing chambers and the retarding chambers,
and an urging torque, which is generated in a case where
a spring is provided to urge the driven shaft.

[0004] When a solenoid spool valve, which is used to
control the supply of the fluid to the advancing chambers
and the retarding chambers, is controlled in the manner
described in Japanese Unexamined Patent Publication
No. 2006-63835, the engine phase can be limited within
a target phase range to substantially hold the valve tim-
ing. Here, when an average value (average torque) of
the variable torque is balanced with the other torque (e.g.,
the urging torque) or becomes substantially zero (for ex-
ample, in a case where a bearing friction of the driven
shaft is substantially zero), the supply of the fluid to both
of the advancing chambers and the retarding chambers
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from the solenoid spool valve may be stopped to make
the rotational torque applied to the driven shaft to zero.
In this way, the engine phase can be limited within the
target phase range. However, in such a case, when the
variable torque reaches, for example, its peak torque and
thereby becomes large, the advancing chambers or the
retarding chambers may possibly be compressed to
cause outflow of the working fluid from the advancing
chambers or the retarding chambers. This may possibly
cause fluctuating movement (repeated forward and
backward rotation often referred to as oscillating rotation-
al movement) of the vane rotor relative to the housing.
This kind of the fluctuating movement may make it difficult
to keep the engine phase within the target phase range
for appropriately adjusting the valve timing, which is ap-
propriate for the internal combustion engine. Also, it may
cause generation of the hammering sound, which would
be generated by hitting movement of the vane rotor
against the housing. Thus, such fluctuating movement is
not desirable.

[0005] The presentinvention addresses the above dis-
advantages. Thus, it is an objective of the present inven-
tion to provide a valve timing adjuster, which enables
adjustment of valve timing in a more appropriate manner
for an internal combustion engine, and which limits gen-
eration of hammering sound.

[0006] To achieve the objective of the present inven-
tion, there is provided a valve timing adjuster that adjusts
opening and closing timing of at least one of an intake
valve and an exhaust valve of an internal combustion
engine andis placed in adrive force transmission system,
which transmits a drive force from a drive shaft of the
internal combustion engine to a driven shaft that drives
the at least one of the intake valve and the exhaust valve
to open and close the same. The valve timing adjuster
includes a first rotatable body, a second rotatable body
and a supply control means. The first rotatable body is
rotated together with the drive shaft. The second rotata-
ble body is rotated together with the driven shaft. The
second rotatable body cooperates with the first rotatable
body to form an advancing chamber and a retarding
chamber, which are arranged one after another in a ro-
tational direction between the first rotatable body and the
second rotatable body, and the second rotatable body
drives the driven shaft in an advancing direction or a re-
tarding direction relative to the drive shaft upon supplying
of working fluid to the advancing chamber or the retarding
chamber. The supply control means is for controlling sup-
ply of the working fluid to the advancing chamber and
the retarding chamber. The supply control means alter-
nately and repeatedly implements an advancing supply
period, during which the working fluid is supplied to the
advancing chamber, and a retarding supply period, dur-
ing which the working fluid is supplied to the retarding
chamber, at time of limiting a phase of the driven shaft
relative to the drive shaft within a target phase range.
[0007] The invention, together with additional objec-
tives, features and advantages thereof, will be best un-
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derstood from the following description, the appended
claims and the accompanying drawings in which:

FIG. 1 is a schematic diagram showing a structure
of a valve timing adjuster having a drive apparatus
viewed along line I-l in FIG. 2 according to a first
embodiment of the present invention:

FIG. 2 is a cross sectional view taken along line lI-I|
in FIG. 1;

FIG. 3 is a lateral view of the drive apparatus shown
in FIG. 1;

FIG. 4 is a schematic descriptive diagram for de-
scribing an operation of a control apparatus of the
valve timing adjuster shown in FIG. 1;

FIG. 5 is a schematic descriptive diagram for de-
scribing an operation of the control apparatus shown
in FIG. 1;

FIG. 6 is another schematic descriptive diagram for
describing an operation of the control apparatus
shown in FIG. 1;

FIG. 7 is a schematic descriptive diagram for de-
scribing a variable torque applied to the drive appa-
ratus shown in FIG. 1;

FIG. 8 is a diagram for describing an average vari-
able torque applied to the drive apparatus of FIG. 1
and an urging torque generated in the drive appara-
tus;

FIGS. 9A to 9C are diagrams for describing charac-
teristics of the valve timing adjuster of FIG. 1;
FIGS. 10A to 10C are diagrams for describing the
characteristics of the valve timing adjuster of FIG. 1;
FIGS. 11A to 11C are diagrams for describing the
characteristics of the valve timing adjuster of FIG. 1;
FIG. 12 is a diagram for describing characteristics
of a valve timing adjuster according to a second em-
bodiment of the present invention;

FIG. 13 is a diagram for describing characteristics
of a valve timing adjuster according to a third em-
bodiment of the present invention;

FIG. 14 is a diagram for describing the characteris-
tics of the valve timing adjuster according to the third
embodiment; and

FIGS. 15A and 15B are diagrams for describing char-
acteristics of a valve timing adjuster according to a
fourth embodiment of the present invention.

[0008] Embodiments of the present invention will be
described with reference to the accompanying drawings.
In the following respective embodiments, similar compo-
nents will be indicated by the same reference numerals.

(First Embodiment)

[0009] FIGS. 1 to 3 show a valve timing adjuster 1 of
a first embodiment of the present invention implemented
in an internal combustion engine of a vehicle. The valve
timing adjuster 1 is of a hydraulically controlled type,
which uses hydraulic oil as working fluid and which ad-
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justs the valve timing of exhaust valves. The valve timing
adjuster 1 includes a drive apparatus 10 and a control
apparatus 30. The drive apparatus 10 is hydraulically
driven in a drive force transmission system, which trans-
mits a drive force of an undepicted crankshaft (serving
as a drive shaft) of the internal combustion engine to a
camshaft 2 (serving as a driven shaft) of the internal com-
bustion engine. The control apparatus 30 serves as a
supply control means and controls supply of oil to the
drive apparatus 10. A mechanical fuel injection pump (not
shown) of the internal combustion engine is connected
to the camshaft 2, which drives the exhaust valves to
open and close the same. The fuel injection pump is driv-
en in response to the rotation of the camshaft 2.

[0010] First, the drive apparatus 10 will be described.
A housing (serving as a first rotatable body) 18 of the
drive apparatus 10 includes a sprocket 11, a shoe hous-
ing 12 and a front plate 13.

[0011] The shoe housing 12 is configured into a cylin-
drical body and includes a plurality of shoes 12a-12d,
which are placed at generally equal intervals in the rota-
tional direction. Each shoe 12a-12d projects radially in-
ward and serves as a partition. A projecting end surface
of each shoe 12a-12d forms an arcuate surface when it
is viewed in a direction perpendicular to the plane of FIG.
2. The projecting end surface of each shoe 12a-12d sli-
dably engages an outer peripheral wall surface of a boss
14a of a vane rotor 14. A seal member 15 is fitted into a
recess, which is provided in the projecting end surface
of each shoe 12a-12d. A receiving chamber 50 is formed
between each adjacent two of the shoes 12a-12d, which
are adjacentto each otherin the rotational direction. Each
receiving chamber 50 is defined by lateral surfaces of
the corresponding shoes 12a-12d and an inner periph-
eral wall surface of the shoe housing 12 and has a fan
shape as viewed in the direction perpendicular to the
plane of FIG. 2.

[0012] The sprocket 11 is configured into a cylindrical
tubular body, and the front plate 13 is configured into an
annular plate body. The shoe housing 12 is coaxially
clamped between the sprocket 11 and the front plate 13,
and the sprocket 11, the shoe housing 12 and the front
plate 13 are fixed together with bolts. The sprocket 11 is
connected to the crankshaft through a timing chain (not
shown). In this way, the housing 18 is rotated together
with the crankshaft when the drive force is transmitted
from the crankshaft to the sprocket 11 upon the operation
of the internal combustion engine. At this time, the hous-
ing 18 is rotated in a clockwise direction in FIGS. 2 and 3.
[0013] The vane rotor 14, which serves as a second
rotatable body, is received in the housing 18. Two op-
posed axial end surfaces of the vane rotor 14 are slidably
engaged with an inner surface of the sprocket 11 and an
inner surface of the front plate 13, respectively. The vane
rotor 14 includes the cylindrical boss 14a and a plurality
of vanes 14b-14e.

[0014] A cylindrical tubular bush 20 is relatively rotat-
ably received at a location radially inward of the front
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plate 13 and is coaxially engaged with one end portion
of the boss 14a. The boss 14a is fixed together with the
bush 20 to the camshaft 2, which is coaxial with the boss
14a, withabolt. Thus, the vane rotor 14 is rotated together
with the camshaft 2 and the bush 20 in the clockwise
direction in FIGS. 2 and 3. Furthermore, the vane rotor
14 and the camshaft 2 are rotatable relative to the hous-
ing 18.InFIGS. 2and 3, adirection of an arrow Xindicates
an advancing direction (a direction toward an advancing
side) of the vane rotor 14 relative to the housing 18, and
a direction of an arrow Y indicates a retarding direction
(a direction toward a retarding side) of the vane rotor 14
relative to the housing 18.

[0015] An assist spring 22 is a torsion coil spring and
serves as a resilient member. The assist spring 22 is
placed radially inward of the bush 20. One end portion
of the assist spring 22 is anchored to the housing 18
through an anchoring pin 18a, and the other end portion
ofthe assist spring 22 is anchored to an anchoring groove
14f, which is formed in the boss 14a of the vane rotor 14.
A restoring force, which is generated by the assist spring
22, serves as an urging torque Ts that urges the vane
rotor 14 in the advancing direction X relative to the hous-
ing 18.

[0016] The vanes 14b-14e, which are placed one after
another at the generally equal intervals in the rotational
direction at the boss 14a, radially outwardly project from
the boss 14a and are received in the receiving chambers
50, respectively. A projecting end surface of each vane
14b-14e forms an arcuate surface as viewed in the di-
rection perpendicular to the plane of FIG. 2 and is slidably
engaged with the inner peripheral wall surface of the shoe
housing 12. A seal member 16 is fitted into a recess,
which is provided in the projecting end surface of each
vane 14b-14e.

[0017] Each vane 14b-14e divides the corresponding
receiving chamber 50 to form an advancing chamber and
a retarding chamber relative to the housing 18. Specifi-
cally, the advancing chamber 51 is formed between the
shoe 12a and the vane 14b, and the advancing chamber
52 is formed between the shoe 12b and the vane 14c.
Furthermore, the advancing chamber 53 is formed be-
tween the shoe 12c and the vane 14d, and the advancing
chamber 54 is formed between the shoe 12d and the
vane 14e. Also, the retarding chamber 55 is formed be-
tween the shoe 12d and the vane 14b, and the retarding
chamber 56 is formed between the shoe 12a and the
vane 14c. Also, the retarding chamber 57 is formed be-
tween the shoe 12b and the vane 14d, and the retarding
chamber 58 is formed between the shoe 12c and the
vane 14c.

[0018] Therefore, when the vane rotor 14 is placed in
a most advanced position in the advancing direction X
with respect to the housing 18, a volume of each advanc-
ing chamber 51-54 is maximized while a volume of each
retarding chamber 55-58 is minimized. In contrast, when
the vane rotor 14 is placed in a most retarded position in
the retarding direction Y with respect to the housing 18,
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the volume of each retarding chamber 55-58 is maxi-
mized while the volume of each advancing chamber
51-54 is minimized.

[0019] The advancing chambers 51-54 are communi-
cated with advancing passages 61-64, which are formed
in the sprocket 11 and are communicated with an ad-
vancing passage 71 formed in the camshaft 2. The re-
tarding chambers 55-58 are communicated with retard-
ing passages 65-68, which are formed in the vane rotor
14, and the retarding passages 65-68 are communicated
with a retarding passage 72 formed in the camshaft 2.
[0020] A stopper pin 26 is received in the vane 14b.
When the stopper pin 26 is urged by the restoring force
of a compression coil spring 28 and is thereby fitted into
an engaging ring 27 of the sprocket 11, the vane rotor
14 is arrested in the most advanced position, which is
most advanced in the advancing direction X relative to
the housing 18. When the stopper pin 26 receives the
pressure of the oil supplied from the retarding chamber
55 through a passage 29 formed in the sprocket 11, the
stopper pin 26 is axially displaced from the engaging ring
27. Therefore, the rotation of the vane rotor 14 relative
to the housing 18 is enabled, i.e., is permitted.

[0021] Next,the control apparatus 30 will be described.
In the control apparatus 30, the advancing passage 73
and the retarding passage 74 are communicated with the
advancing passage 71 and the retarding passage 72,
respectively, of the camshaft 2.

[0022] A switch control valve 31 is communicated with
the advancing passage 73, the retarding passage 74, a
pump passage 75 and drain passages 76, 77. An oil
pump (serving as a fluid supply source) 4 is provided in
the pump passage 75. The oil pump 4 draws the oil from
the oil tank 5 through an upstream side part of the pump
passage 75 and discharges the oil toward the switch con-
trol valve 31 through a downstream side part of the pump
passage 75. The oil pump 4 of the present embodiment
is @ mechanical pump that is driven by the crankshaft.
The drain passages 76, 77 are provided to enable drain-
ing of the oil from the switch control valve 31 toward the
oil tank 5.

[0023] The switch control valve 31 is a solenoid spool
valve that axially drives the spool 34 in response to a
balance between the drive force, which is generated by
a solenoid drive arrangement 32 upon energization
thereof, and a restoring force, which is generated by the
return spring 33 in a direction opposite from the direction
of the drive force. The switch control valve 31, which is
connected with the passages 73-77, switches the com-
munication of the pump passage 75 and the drain pas-
sages 76, 77 to the advancing passage 73 and the re-
tarding passage 74.

[0024] Specifically, when the drive current, which is
supplied to the solenoid drive arrangement 32, is smaller
than a reference value Ib, the advancing passage 73 is
communicated with the pump passage 75, so that the oil
discharged from the oil pump 4 is supplied to the advanc-
ing passage 73 through the pump passage 75, as shown
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in FIG. 4. At this time, as shown in FIG. 4, the retarding
passage 74 is communicated with the drain passage 76,
and the oil of the retarding passage 74 is drained to the
oil tank 5 through the drain passage 76.

[0025] When the drive current, which is supplied to the
solenoid drive arrangement 32, is larger than the refer-
ence value Ib, the retarding passage 74 is communicated
with the pump passage 75, so that the oil discharged
from the oil pump 4 is supplied to the retarding passage
74 through the pump passage 75, as shown in FIG. 5.
At this time, as shown in FIG. 5, the advancing passage
73 is communicated with the drain passage 77, and the
oil of the advancing passage 73 is drained to the oil tank
5 through the drain passage 77.

[0026] When the drive current, which is supplied to the
solenoid drive arrangement 32, is equal to the reference
value Ib, the communication of each of the advancing
passage 73 and the retarding passage 74 to the pump
passage 75 and the drain passages 76, 77 is interrupted,
as showninFIG. 6. Therefore, the oil, which is discharged
from the oil pump 4, is not supplied to the advancing
passage 73 and the retarding passage 74, and the oil in
the advancing passage 73 and the oil in the retarding
passage 74 remain therein.

[0027] A control circuit 36 of the control apparatus 30
shown in FIG. 1 includes a microcomputer, which has a
memory 36a. The control circuit 36 controls electric pow-
er supply to the switch control valve 31 and also controls
the operation of the internal combustion engine. Specif-
ically, besides the switch control valve 31, a plurality of
sensors, which includes a cam angle sensor 7 and a
crank angle sensor 8, is electrically connected to the con-
trol circuit 36. The control circuit 36 computes an actual
phase and a target phase of the camshaft 2 relative to
the crankshaft based on an output of each corresponding
sensor. Based on the computed result, the control circuit
36 controls the power supply to the switch control valve
31, i.e., controls the drive current supplied to the switch
control valve 31. The cam angle sensor 7 is placed, for
example, adjacent to the camshaft 2 to sense arotational
angle of the camshaft 2. The crank angle sensor 8 is
placed, for example, adjacent to the crankshaftand sens-
es a rotational angle of the crankshaft.

[0028] The drive apparatus 10 and the control appa-
ratus 30 of the valve timing adjuster have been described.
Now, the variable torque, which is applied to the drive
apparatus 10, will be described.

[0029] During the operation of the internal combustion
engine, the variable torque (i.e., the torque that varies
with time, more specifically, oscillates with time) is ap-
plied to the camshaft 2 and the vane rotor 14 in response
to a spring reaction force from each corresponding ex-
haust valve driven to open and close by the camshaft 2
and the drive reaction force of the fuel injection pump,
which is driven by the camshaft 2. Here, as shown in FIG.
7, the variable torque periodically changes between a
positive torque, which acts in a direction for retarding the
engine phase of the camshaft 2 relative to the crankshaft,
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and a negative torque, which acts in a direction for ad-
vancing the engine phase. In FIG. 7 as well as other
drawings, the retarding is abbreviated as "RTD", and the
advancing is abbreviated as "ADV". The variable torque
of the present invention is such that a peak torque Tc+
of the positive torque is larger than a peak torque Tc- of
the negative torque due to the friction between the cam-
shaft 2 and a journal (not shown) for supporting the cam-
shaft 2. Therefore, an average torque (hereinafter, re-
ferred to as an average variable torque) Tca of the vari-
able torque is biased on the positive torque side, which
is opposite from the urging torque Ts of the assist spring
22, i.e., on the retarding side Y Furthermore, as shown
in FIG. 8, when the rotational speed (i.e., the number of
revolutions per unit time) of the internal combustion en-
gine is increased, the average torque Tca is increased.
[0030] Now, the variable torque, which is applied to
the drive apparatus 10, will be described. Hereinafter,
the characteristic operation of the valve timing adjuster
1 will be described.

[0031] In a stop state of the internal combustion en-
gine, the stopper pin 26 is fitted into the engaging ring
27 by the restoring force of the compression coil spring
28. When the internal combustion engine is started from
the stop state, the oil pump 4 is driven, and the retarding
passage 74 is communicated with the pump passage 75
by controlling the drive current, which is applied from the
control circuit 36 to the switch control valve 31, to a value
that is larger than the reference value Ib. Then, the oil,
which is discharged from the oil pump 4, is supplied to
the respective retarding chambers 55-58 through the
pump passage 75 and the retarding passages 74, 72,
65-68. Therefore, the stopper pin 26 receives the oil pres-
sure from the retarding chamber 55 through the passage
29, sothatthe stopper pin 26 isremoved, i.e., is dislodged
from the engaging ring 27 against the restoring force of
the compression coil spring 28 upon increasing the oil
pressure, which is received from the retarding chamber
55, to the predetermined value. Therefore, the vane rotor
14 is placed into the rotatable state where the vane rotor
14 is rotatable relative to the housing 18.

[0032] Thereafter, the control circuit 36 controls the
electric power supply to the switch control valve 31 to
change each communicating one of the pump passage
75 and the drain passages 76, 77, which is communicat-
ed with the corresponding one of the advancing passage
73 and the retarding passage 74, thereby adjusting the
valve timing. Now, the valve timing control operation will
be described in detail.

[0033] First, the valve timing advancing operation for
advancing the valve timing will be described. In the case
where the accelerator of the internal combustion engine
is in an off state or in the case where a predetermined
operational condition, which indicates a low/middle
speed high load operational state of the internal combus-
tion engine that requires the output torque, is satisfied,
the control circuit 36 controls the drive current supplied
to the switch control valve 31 to a value smaller than the



9 EP 2 017 437 A1 10

reference value Ib. In this way, the advancing passage
73 is communicated with the pump passage 75, and the
retarding passage 74 is communicated with the drain
passage 76. Therefore, the oil discharged from the oil
pump 4 is supplied to the respective advancing chambers
51-54 through the pump passage 75 and the advancing
passages 73, 71, 61-64. Furthermore, at this time, the
oil in the respective retarding chambers 55-58 is drained
to the oil tank 5 through the retarding passages 65-68,
72,74 and the drain passage 76. In this way, the pressure
of the oil is applied to the vanes 14b-14e, which face the
advancing chambers 51-54, respectively, thereby gen-
erating the rotational torque Tv, which drives the vane
rotor 14 to rotate the same relative to the housing 18 in
the advancing direction X. As a result, the engine phase
of the camshaft 2 relative to the crankshaft and thereby
the valve timing is advanced.

[0034] Next, the valve timing retarding operation for
retarding the valve timing will be described. In the case
where a predetermined operational condition, which in-
dicates a normal operational state where the internal
combustion engine is driven with a light load, is satisfied,
the control circuit 36 controls the drive current supplied
to the switch control valve 31 to a value larger than the
reference value Ib. Thereby, the retarding passage 74 is
communicated with the pump passage 75, and the ad-
vancing passage 73 is communicated with the drain pas-
sage 77. Thus, the oil, which is discharged from the oll
pump 4, is supplied to the respective retarding chambers
55-58 through the pump passage 75 and the retarding
passages 74, 72, 65-68. Furthermore, at this time, the
oilinthe respective advancing chambers 51-54 is drained
to the oil tank 5 through the advancing passages 61-64,
71,73 and the drain passage 77. In this way, the pressure
of the oil is applied to the vanes 14b-14e, which face the
retarding chambers 55-58, respectively, thereby gener-
ating the rotational torque Tv, which drives the vane rotor
14 to rotate the same relative to the housing 18 in the
retarding direction Y As a result, the engine phase of the
camshaft 2 relative to the crankshaft and thereby the
valve timing is retarded.

[0035] Next, the valve timing holding operation for sub-
stantially holding the valve timing will be described. In
the case where a predetermined operational condition
(hereinafter, a stable operational condition), which indi-
cates a stable operational state (e.g., a holding state of
the accelerator or accelerator pedal) of the internal com-
bustion engine, is satisfied as a limiting condition, the
control circuit 36 controls the drive current supplied to
the switch control valve 31 to supply the oil to the respec-
tive advancing chambers 51-54 like in the case of the
advancing operation described above. Thereby, the ro-
tational torque Tv in the advancing direction X against
the average variable torque Tcais generated. At this time,
the control circuit 36 computes an actual phase Pr based
on the output of the cam angle sensor 7 and the output
of the crank angle sensor 8 with respect to the engine
phase of the camshaft 2 relative to the crankshaft. There-
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by, the control circuit 36 adjusts the drive current supplied
to the switch control valve 31 within a range lower than
the reference value Ib to limit the actual phase Pr within
a predetermined target phase range APt. Therefore, the
current valve timing is substantially held.

[0036] When the valve timing is substantially held in
the above described manner, the average variable torque
Tca may possibly be balanced with the urging torque Ts
of the assist spring 22, as indicated with a shaded circle
in FIG. 8. Therefore, in such a case, even when the drive
current supplied to the switch control valve 31 is adjusted,
this adjustment is made within the range lower than the
reference value |b. Thereby, the supply of the oil to the
respective advancing chambers 51, 54 is maintained. As
a result, the actual phase Pr reaches an advancing end
of the target phase range APt, which is opposite from a
bias of the average variable torque Tc. Thus, in this case,
similar to the above case of retarding operation, the con-
trol circuit 36 controls the drive current supplied to the
switch control valve 31 to supply the oil to the respective
retarding chambers 55, 58 to return the actual phase Pr
to an intermediate phase (a phase intermediate between
the advancing end and the retarding end) within the target
phase range APt, and thereafter the control circuit 36
executes an alternately repeating supply operation.
[0037] Specifically, in the alternately repeating supply
operation, as indicated in FIGS. 9B, 10B and 11B, an
advancing (ADV) supply period and a retarding (RTD)
supply period are alternately repeatedly implemented. In
the advancing supply period (also referred to as an ad-
vancing supply process), the oil is supplied to the respec-
tive advancing chambers 51-54 by controlling the drive
current supplied to the switch control valve 31 in the man-
ner similar to that of the advancing operation discussed
above. In the retarding supply period (also referred to as
a retarding supply period), the oil is supplied to the re-
spective retarding chambers 55-58 by controlling the
drive current supplied to the switch control valve 31 in
the manner similar to that of the retarding operation dis-
cussed above. At this time, the actual phase Pr is limited
within the target phase range APt, so that the holding of
the valve timing is maintained.

[0038] Here, in the alternately repeating supply oper-
ation of the present embodiment, the supply of the oil to
the respective advancing chambers 51-54 is maintained
throughout each corresponding advancing supply peri-
od, and the supply of the oil to the respective retarding
chambers 55-58 is maintained throughout each corre-
sponding retarding supply period. Furthermore, in the al-
ternately repeating supply operation, the period m of cycle
of the change in the variable torque, which corresponds
to the current actual rotational speed Nr of the internal
combustion engine, is computed based on the correlation
information, which indicates the relationship between the
rotational speed of the internal combustion engine and
the period o of cycle of the change in the variable torque
(see FIG. 7). Then, the advancing supply period and the
retarding supply period are alternately repeated in aman-
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ner that causes generation of the rotational torque Tv,
which shows the cyclic change having the period of cycle
that is different from the computed period o of cycle of
the change in the variable torque, as shown in FIGS. 9A,
9C, 10A, 10C, 11A and 11C. At this time, as long as the
actual phase Pr does not exceed the target phase range
APt, the period of cycle of the change in the rotational
torque Tv may be shorter than the period o of cycle of
the change in the variable torque, as shown in FIG. 9C,
or may be longer than the period o of cycle of the change
in the variable torque, as shown in FIG. 10C, or may be
the same as the period o of cycle of the change in the
variable torque with the reversed phase (advanced or
retarded), as shown in FIG. 11C.

[0039] The correlation information, which indicates the
relationship between the rotational speed of the internal
combustion engine and the period w of cycle of the
change in the variable torque, is preset in a form of a
map, a table or a mathematical equation according to the
specification of the internal combustion engine installed
in the vehicle together with the valve timing adjuster 1.
The correlation information is stored in the memory 36a
of the control circuit 36 and is used to compute the period
o of cycle of the change in the variable torque. Alterna-
tively, the period w of cycle of the change in the variable
torque may be learned from the output of the cam angle
sensor 7 and the output of the crank angle sensor 8, and
the correlation information stored in the memory 36a may
be updated regularly based on the result of the learning.
[0040] Furthermore,the holdingoperationis continued
until the stable operational condition, which serves as
the limiting condition, is no longer satisfied.

[0041] As described above, even when the average
variable torque Tca is balanced with the urging torque
Ts at the time of limiting the actual phase Pr within the
target phase range APt, the oil is certainly supplied to the
advancing chambers 51-54 or the retarding chambers
55-58 by alternately repeating the advancing supply pe-
riod and the retarding supply period. In this way, even
under the influence of the relatively large variable torque,
the outflow of the oil from the advancing chambers 51-54
and the retarding chambers 55-58 is well limited. There-
fore, the fluctuating movement (oscillating rotational
movement) of the vane rotor 14 relative to the housing
18 can be limited without the need for increasing the urg-
ing torque Ts of the assist spring 22. Furthermore, the
advancing supply period and the retarding supply period
are alternately repeated to generate the rotational torque
Tv, which shows the cyclic change with the period of cycle
that is different from the period o of cycle of the change
in the variable torque. Therefore, the rotational torque Tv
acts against the variable torque to effectively limit the
fluctuating movement of the vane rotor 14.

[0042] As described above, according to the first em-
bodiment, the actual phase Pr is appropriately limited
within the target phase range APt, and the valve timing
is adjusted to the appropriate timing, which is appropriate
for the internal combustion engine. Furthermore, the
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hammering sound, which is caused by the collision be-
tween the housing 18 and the vane rotor 14, can be ad-
vantageously limited.

(Second Embodiment)

[0043] A second embodiment of the present invention,
which is a modification of the first embodiment, will be
described with reference to FIG. 12.

[0044] As showninFIG. 12, the discharge pressure of
the oil at the oil pump 4 driven by the internal combustion
engine, i.e., the pressure of the oil supplied to the ad-
vancing chambers 51-54 and the retarding chambers
55-58 is increased in response to an increase in the ro-
tational speed of the internal combustion engine. Also,
the pressure of the oil changes depending on the envi-
ronmental temperature.

[0045] Inview of the above point, according to the sec-
ond embodiment, the control circuit 36 returns the actual
phase Prto anintermediate phase (a phase intermediate
between the advancing end and the retarding end) in the
target phase range APt and then executes the alternately
repeating supply operation, which is similar to that of the
first embodiment, in the case where the actual phase Pr
reaches the advancing end of the target phase range
APt, and the pressure of the oil becomes equal to or less
than a preset value S during the execution of the normal
holding operation (hereinafter, simply referred to as "nor-
mal holding operation") for substantially holding the valve
timing by adjusting the drive current supplied to the switch
control valve 31 within the range lower than the reference
value Ib. Thereby, in the low oil pressure state where the
pressure of the oil is equal to or less than the preset value
S, itis possible to reliably limit the fluctuating movement
of the vane rotor 14, which tends to occur in the low oil
pressure state.

[0046] Even in the case where the actual phase Pr
reaches the advancing end of the target phase range APt
during the normal holding operation, as long as the pres-
sure of the oil is larger than the preset value S (e.g., about
250 kPa), the possibility of the fluctuating movement of
the vane rotor 14 is reduced in comparison to the case
where the pressure of the oil is equal to or less than the
preset value S. Therefore, in such a case, according to
the present embodiment, the normal holding operation
is maintained without executing the alternately repeating
supply operation.

(Third Embodiment)

[0047] A third embodiment of the present invention,
which is a modification of the first embodiment, will be
described with reference to FIGS. 13 and 14. As shown
in FIG. 13, the urging torque Ts of the assist spring 22
increases when the relative rotational position of the vane
rotor 14 relative to the housing 18 is shifted in the retard-
ing direction Y, i.e., when the engine phase of the cam-
shaft 2 relative to the crankshaft is shifted in the retarding
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direction Y Furthermore, as discussed in the first embod-
iment (see FIG. 8), the average variable torque Tc in-
creases when the rotational speed of the internal com-
bustion engine increases. With reference to FIG. 14, for
descriptive purpose, it is now defined that a reference
rotational speed Nb of the internal combustion engine is
a rotational speed, at which the average variable torque
Tca coincides with a minimum value Tsmin of the urging
torque Ts. Then, when the actual rotational speed Nr of
the internal combustion engine becomes equal to or high-
er than this reference rotational speed Nb, the average
variable torque Tc may possibly be balanced with the
urging torque Ts.

[0048] Therefore, according to the third embodiment,
in the case where the actual rotational speed Nr becomes
equal to or higher than the reference rotational speed Nb
during the normal holding operation, the control circuit
36 executes the alternately repeating supply operation,
which is similar to that of the first embodiment. In this
way, in the case where the average variable torque Tca
is balanced with the urging torque Ts, it is possible to
reliably limit the fluctuating movement of the vane rotor
14 by the alternately repeating supply operation.

[0049] In contrast, in the case where the actual rota-
tional speed Nr is less than the reference rotational seed
Nb, the average variable torque Tca is less likely bal-
anced with the urging torque Ts. Therefore, in such a
case, according to the present embodiment, the normal
holding operation is maintained without executing the al-
ternately repeating supply operation.

(Fourth Embodiment)

[0050] A fourth embodiment of the present invention,
which is a modification of the first embodiment, will be
described with reference to FIGS. 15A and 15B. In the
fourth embodiment, as shown in FIGS. 15A and 15B, the
control circuit 36 starts the alternately repeating supply
operation, which is similar to that of the first embodiment,
upon satisfaction of the stable operational condition,
which serves as the limiting condition. Then, when the
stable operational condition is no longer satisfied, the
control circuit 36 terminates the alternately repeating
supply operation. Specifically, according to the present
embodiment, the alternately repeating supply operation
is maintained while the actual phase Pr is limited within
the target phase range APt upon the satisfaction of the
stable condition. Thus, according to the fourth embodi-
ment, even when the average variable torque Tca is bal-
anced with the urging torque Ts of the assist spring 22,
the fluctuating movement of the vane rotor 14 can be
reliably limited by the alternately repeating supply oper-
ation.

[0051] The presentinvention has been described with
respecttothe above embodiments. However, the present
invention is not limited to the above embodiments, and
the above embodiments may be modified within a spirit
and scope of the present invention.
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[0052] For example, a bearing may be interposed be-
tween the camshaft 2 and the journal thereof to substan-
tially eliminate the friction between the camshaft 2 and
the journal, and the assist spring 22 may be eliminated.
Even with this construction, the fluctuating movement of
the vane rotor 14 can be limited by the holding operation,
which maintains the alternately repeating supply opera-
tion like in the fourth embodiment.

[0053] Furthermore, in the first to fourth embodiments,
the supply of the oil to the respective advancing cham-
bers 51-54 may be intermittently performed in the ad-
vancing supply period. In other words, it is not necessary
to maintain the supply of the oil to the respective advanc-
ing chambers 51-54 throughout each advancing supply
period, and the supply of the oil to the respective advanc-
ing chambers 51-54 may be stopped before the end of
the advancing supply period, if desired. Similarly, in the
first to fourth embodiments, the supply of the oil to the
retarding chambers 55-58 may be intermittently per-
formed in the retarding supply period. In other words, it
is not necessary to maintain the supply of the oil to the
respective retarding chambers 55-58 throughout each
advancing supply period, and the supply of the oil to the
respective retarding chambers 55-58 may be stopped
before the end of the retarding supply period, if desired.
[0054] Furthermore, in the first embodiment, when the
actual phase Pr reaches the advancing end of the target
phase range APt during the normal holding operation,
the alternately repeating supply operation, which is sim-
ilar to that of the first embodiment, may be started imme-
diately from the beginning of the retarding supply period.
Furthermore, in the second embodiment, when the actual
phase Pr reaches the advancing end of the target phase
range APt during the normal holding operation, and the
pressure of the oil becomes equal to or less than the
preset value S, the alternately repeating supply opera-
tion, which is similar to that of the first embodiment, may
be started immediately from the beginning of the retard-
ing supply period.

[0055] Furthermore, in the third embodiment, like in
the second embodiment, when the actual rotational
speed Nr of the internal combustion engine becomes
equal to or larger than the reference rotational speed Nb
during the normal holding operation, and the pressure of
the oil becomes equal to or less than the preset value S,
the alternately repeating supply operation, which is sim-
ilar to that of the first embodiment, may be executed.
Similarly, in the fourth embodiment, the normal holding
operation may be started upon satisfaction of the stable
condition, which serves as the limiting condition. Then,
when the pressure of the oil becomes equal to or less
than the preset value S during the normal holding oper-
ation, the alternately repeating supply operation, which
is similar to that of the first embodiment, may be execut-
ed.

[0056] In addition, in the first to fourth embodiments,
the housing 18 is rotated together with the crankshaft,
and the vane rotor 14 is rotated together with the cam-
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shaft 2. However, the present invention is also applicable
to a valve timing adjuster, in which the vane rotor 14 is
rotated together with the crankshaft, and the housing 18
is rotated together with the camshaft 2.

[0057] Furthermore, in the first to fourth embodiments,
the present invention is applied to the valve timing ad-
juster, which controls the valve timing of the exhaust
valves. Alternatively, the present invention may be ap-
plied to a system, which controls valve timing of intake
valves, or a system, which controls the valve timing of
both of the intake valves and the exhaust valves.
[0058] Additional advantages and modifications will
readily occur to those skilled in the art. The invention in
its broader terms is therefore not limited to the specific
details, representative apparatus, and illustrative exam-
ples shown and described.

[0059] A control apparatus (30) controls supply of
working fluid to advancing chambers (51-54) and retard-
ing chambers (55-58). The control apparatus (30) alter-
nately and repeatedly implements an advancing supply
period, during which the working fluid is supplied to the
advancing chambers (51-54), and a retarding supply pe-
riod, during which the working fluid is supplied to the re-
tarding chambers (55-58), at time of limiting a phase of
a camshaft (2) relative to a crankshaft within a target
phase range.

Claims

1. Avalvetiming adjuster that adjusts opening and clos-
ing timing of at least one of an intake valve and an
exhaust valve of an internal combustion engine and
is placed in a drive force transmission system, which
transmits a drive force from a drive shaft of the in-
ternal combustion engine to a driven shaft (2) that
drives the at least one of the intake valve and the
exhaust valve to open and close the same, the valve
timing adjuster comprising:

afirst rotatable body (18) that s rotated together
with the drive shaft;

a second rotatable body (14) that is rotated to-
gether with the driven shaft (2), wherein the sec-
ond rotatable body (14) cooperates with the first
rotatable body (18) to form an advancing cham-
ber (51-54) and a retarding chamber (55-58),
which are arranged one after another in a rota-
tional direction between the first rotatable body
(18) and the second rotatable body (14), and the
second rotatable body (14) drives the driven
shaft (2) in an advancing direction or a retarding
direction relative to the drive shaft upon supply-
ing of working fluid to the advancing chamber
(51-54) or the retarding chamber (55-58); and
a supply control means (30) for controlling sup-
ply of the working fluid to the advancing chamber
(51-54) and the retarding chamber (55-58),
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wherein the supply control means (30) alternate-
ly and repeatedly implements an advancing sup-
ply period, during which the working fluid is sup-
plied to the advancing chamber (51-54), and a
retarding supply period, during which the work-
ing fluid is supplied to the retarding chamber
(55-58), at time of limiting a phase of the driven
shaft (2) relative to the drive shaft within a target
phase range.

The valve timing adjuster according to claim 1, fur-
ther comprising a resilient member (22) that gener-
ates an urging torque to urge the driven shaft (2) in
a direction that is opposite from a direction of an av-
erage torque of a variable torque, which changes
with time and is applied to the driven shaft (2).

The valve timing adjuster according to claim 2,
wherein the supply control means (30) alternately
and repeatedly implements the advancing supply
period and the retarding supply period in a case
where an actual phase of the driven shaft (2) relative
to the drive shaft reaches a corresponding one of an
advancing end and a retarding end of the target
phase range, which is opposite from the direction of
the average torque upon satisfaction of a limiting
condition for limiting the phase of the driven shaft (2)
relative to the drive shaft within the target phase
range.

The valve timing adjuster according to claim 3,
wherein the supply control means (30) alternately
and repeatedly implements the advancing supply
period and the retarding supply period after the sup-
ply control means (30) returns the actual phase to
an intermediate phase in the target phase range in
the case where the actual phase reaches the corre-
sponding one of the advancing end and the retarding
end of the target phase range, which is opposite from
the direction of the average torque, upon the satis-
faction of the limiting condition for limiting the phase
of the driven shaft (2) relative to the drive shaft within
the target phase range.

The valve timing adjuster according to claim 2,
wherein:

the supply control means (30) alternately and
repeatedly implements the advancing supply
period and the retarding supply period in a case
where an actual rotational speed of the internal
combustion engine becomes equal to or larger
than a reference rotational speed of the internal
combustion engine upon satisfaction of a limit-
ing condition for limiting the phase of the driven
shaft (2) relative to the drive shaft within the tar-
get phase range; and

the reference rotational speed of the internal
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combustion engine is defined as a rotational
speed of the internal combustion engine, at
which the average torque that increases as the
rotational speed of the internal combustion en-
gine increases generally coincides with a mini- 5
mum value of the urging torque.

6. The valve timing adjuster according to claim 1 or 2,
wherein the supply control means (30) maintains the
alternately and repeatedly implementing of the ad- 170
vancing supply period and the retarding supply pe-
riod as long as the supply control means (30) limits
the phase of the driven shaft (2) relative to the drive
shaft within the target phase range.

15

7. The valve timing adjuster according to any one of
claims 1 to 6, wherein:

a rotational torque, which drives the driven shaft

(2) in an advancing direction or a retarding di- 20
rection relative to the drive shaft, is generated

by the supplying of the working fluid to the ad-
vancing chamber (51-54) or the retarding cham-

ber (55-58); and

the supply control means (30) alternately and 25
repeatedly implements the advancing supply
period and the retarding supply period such that

the rotational torque is generated with a different
period of a cycle that is different from a period

of a cycle of the variable torque. 30

8. The valve timing adjuster according to any one of
claims 1 to 7, wherein:

arotational torque, which drives the driven shaft 35
(2) in an advancing direction or a retarding di-
rection relative to the drive shaft, is generated
by the supplying of the working fluid to the ad-
vancing chamber (51-54) or the retarding cham-
ber (55-58); and 40
the supply control means (30) alternately and
repeatedly implements the advancing supply
period and the retarding supply period in a case
where a pressure of the working fluid supplied
to the advancing chamber (51-54) and the re- 45
tarding chamber (55-58) becomes equal to or
less than a preset value upon satisfaction of a
limiting condition for limiting the phase of the
driven shaft (2) relative to the drive shaft within
a target phase range. 50

55
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