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CONTROL APPARATUS 

BACKGROUND OF THE INVENTION 

0001) 1. Field of the Invention 
0002 The present invention relates to a control apparatus 
that controls a controlled object which varies in nonlineari 
ties, such as hysteresis and dead time, and frequency char 
acteristic. 

0003 2. Description of the Related Art 
0004 Conventionally, there has been proposed a control 
apparatus that controls a variable cam phase mechanism as 
in Japanese Laid-Open Patent Publication (Kokai) No. 
2001-132482. The variable cam phase mechanism varies the 
phase of an intake camshaft relative to a crankshaft of an 
internal combustion engine (hereinafter referred to as “the 
cam phase') as desired, and is hydraulically driven by oil 
pressure Supplied from an oil pump. Further, the control 
apparatus includes a crank angle sensor and a cam angle 
sensor that detect respective signals corresponding to angu 
lar positions of the crankshaft and the intake camshaft, and 
a controller to which the detection signals from the sensors 
are input. 
0005 The controller calculates the actual cam phase 
based on the detection signals from the crank angle sensor 
and the cam angle sensor, and a target cam phase based on 
operating conditions of the engine, and further, calculates a 
control input to the variable cam phase mechanism with a 
sliding mode control algorithm, whereby the cam phase is 
controlled to follow the target cam phase. 
0006. It is generally known that the above-mentioned 
hydraulically-driven variable cam phase mechanism as a 
controlled object is high in friction, and is strong in nonlin 
earities, such as hysteresis and dead time. However, the 
control apparatus of Japanese Laid-Open Patent Publication 
(Kokai) No. 2001-132482 calculates the control input with 
the sliding mode control algorithm, and hence when the 
controlled object with strong nonlinearities, i.e. the hydrau 
lically-driven variable cam phase mechanism is controlled, 
due to the strong nonlinearities, it is impossible to control 
the cam phase by the control input up to a slight degree of 
change, resulting in low control resolution and low control 
accuracy. 

0007. The present assignee has already proposed a con 
trol apparatus disclosed in Japanese Laid-Open Patent Pub 
lication (Kokai) No. 2005-63003 as a solution to the above 
described problem with the control apparatus disclosed in 
Japanese Laid-Open Patent Publication (Kokai) No. 2001 
132482. The proposed control apparatus controls an elec 
tromagnetically-driven variable cam phase mechanism, and 
includes a two-degree-of-freedom sliding mode controller, 
and a DSM controller. The two-degree-of-freedom sliding 
mode controller calculates a follow-up control input for 
causing the cam phase to follow a target cam phase with a 
target value filter-type two-degree-of-freedom sliding mode 
control algorithm at a predetermined repetition period. Fur 
ther, the DSM controller modulates the calculated follow-up 
control input with an algorithm to which is applied the AZ 
modulation algorithm, whereby the control input to the 
variable cam phase control mechanism is calculated at the 
predetermined repetition period as a value which is fre 
quently repeatedly inverted with a predetermined amplitude 
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with a predetermined value as the center of the inversion. As 
a result, even when the variable cam phase control mecha 
nism with strong nonlinearities is controlled, the control 
input which is frequently repeated inverted can control the 
cam phase up to a slight degree of change, whereby the 
control resolution and the control accuracy can be enhanced. 
0008. In general, the variable cam phase mechanism has 
characteristics that the nonlinearity and the frequency char 
acteristic of the cam phase with respect to the control input 
(sensitivity of the camphase to the control input) varies with 
changes in the operating conditions of the engine. For 
example, during the cam phase control, an increase in the 
rotational variation of the engine increases the work of cam 
reaction forces (the urging forces of valve springs acting on 
the variable cam phase mechanism as a disturbance when 
the mechanism drivingly opens and closes the intake valves) 
per unit time and sprocket variation (i.e. chain speed varia 
tion and crank angle speed variation), whereby the sensitiv 
ity of the cam phase to the control input, particularly, the 
sensitivity to high-frequency components thereof becomes 
higher. Further, when oil pressure is supplied to the hydrau 
lically-driven variable cam phase mechanism from an oil 
pump using the torque of the engine as a drive source, 
variation in the engine speed causes variation in the oil 
pressure Supplied to the variable cam phase mechanism, 
which causes variation in the frequency characteristic and 
the nonlinearity of the cam phase with respect to the control 
input. 
0009. The control apparatus disclosed in Japanese Laid 
Open Patent Publication (Kokai) No. 2005-63003, however, 
calculates the control input at the predetermined repetition 
period. Therefore, if the nonlinearity and frequency charac 
teristic vary, the repetition period deviates from the proper 
value, which causes the inverting behavior of the control 
input to be reflected in the cam phase in a noise-like fashion, 
or makes the control system unstable (resonant). In such a 
case, the control resolution and the control accuracy are 
degraded. 

SUMMARY OF THE INVENTION 

0010. The present invention has been made to provide a 
solution to the above-described problem, and an object 
thereof is to provide a control apparatus that is capable of 
maintaining both the control resolution and the control 
accuracy at respective high levels even when at least one of 
the nonlinearity and the frequency characteristic of a con 
trolled object varies. 
0011 To attain the above object, the present invention 
provides a control apparatus for controlling a controlled 
variable of a controlled object by a control input, comprising 
controlled variable-detecting means for detecting the con 
trolled variable, target value-setting means for setting a 
target value as a target of the controlled variable, follow-up 
control input-calculating means for calculating a follow-up 
control input for controlling the detected controlled variable 
such that the detected controlled variable is caused to follow 
the set target value, with a predetermined control algorithm, 
and control input-calculating means for calculating the con 
trol input by modulating the calculated follow-up control 
input with algorithms including a predetermined modulation 
algorithm, and selecting a repetition period at which the 
control input is calculated from a plurality of predetermined 
repetition periods, according to a parameter indicative of a 
state of the controlled object. 
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0012. With the configuration of the control apparatus 
according to the present invention, the follow-up control 
input for causing the controlled variable to follow the target 
value is calculated with a predetermined control algorithm, 
and the control input is calculated by modulating the follow 
up control input with algorithms including a predetermined 
modulation algorithm. The repetition period at which the 
control input is calculated is selected from a plurality of 
repetition periods according to a parameter indicative of a 
state of the controlled object. Therefore, even when at least 
one of the nonlinearity and the frequency characteristic of 
the controlled object varies due to a change in the state of the 
controlled object, the control input can be calculated at a 
proper repetition period coping with Such a change. As a 
result, by using the control input thus calculated, it is 
possible to cause the controlled variable to properly follow 
the target value while preventing the inverting behavior of 
the control input from appearing in the controlled variable or 
preventing the control system from becoming unstable, 
whereby it is possible to maintain the control resolution and 
the control accuracy at respective high levels (it should be 
noted that throughout the specification, the term "calcula 
tion” as in "calculation of the follow-up control input' and 
"calculation of the control input' is not limited to compu 
tation of Such an amount or a value with a program, but 
includes generation of an electric signal indicative of Such 
an amount or a value, with an electric circuit. 

0013 Preferably, the control input-calculating means 
divides the follow-up control input into a plurality of input 
components, and calculates the control input based on an 
input component formed by modulating one of the input 
components with the predetermined modulation algorithm 
and other input components than the one input component. 

0014 With the configuration of the preferred embodi 
ment, the control input is calculated based on a value formed 
by modulating one of a plurality of input components 
obtained by dividing the follow-up control input, and the 
other input components. Therefore, even when there occurs 
a state in which the controlled variable largely deviates from 
the target value, and the range of variation in the follow-up 
control input is large, by properly setting the amplitude of 
the value formed by modulating the one input component, it 
is possible to prevent the amplitude of the control input from 
becoming excessively large, to thereby cause the controlled 
variable to follow the target value while preventing the 
inverting state of the control input from being reflected in the 
controlled variable in a noise-like fashion. As a result, it is 
possible to further enhance the control resolution and the 
control accuracy. 

00.15 Preferably, the predetermined algorithm is based 
one of a AX modulation algorithm, a XA modulation algo 
rithm, and a A modulation algorithm. 
0016. With the configuration of the preferred embodi 
ment, the control input is calculated by modulating the 
follow-up control input with algorithms including a modu 
lation algorithm based on a AX modulation algorithm, a XA 
modulation algorithm, or a A modulation algorithm. In this 
case, all of the AX modulation algorithm, the XA modulation 
algorithm, and the A modulation algorithm have a charac 
teristic that as a value input thereto becomes closer to a value 
of 0, the inverting frequency of a value calculated therewith 
become higher. On the other hand, the follow-up control 
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input is a value for controlling the controlled variable such 
that it is caused to follow the target value, and hence as the 
controlled variable becomes closer to the target value, the 
follow-up control input undergoes a less change. Therefore, 
by configuring the modulation algorithm based on one of the 
AX modulation algorithm, the XA modulation algorithm, or 
the A modulation algorithm, such that when the follow-up 
control input undergoes less or almost no change, the value 
input to the one of the AX modulation algorithm, the XA 
modulation algorithm, and the A modulation algorithm 
becomes close to a value of 0, it is possible to calculate the 
control input such that as the controlled variable becomes 
closer to the target value, the inverting frequency of the 
control input becomes higher. As a result, it is possible to 
improve the convergence of the controlled variable to the 
target value, compared with the case in which the phase 
control input is calculated by PWM or dithering with a fixed 
inverting frequency. 

0017 Preferably, the controlled variable is a phase of at 
least one of an intake camshaft and an exhaust camshaft of 
an internal combustion engine, relative to a crankshaft of the 
engine. 
0018 With the configuration of the preferred embodi 
ment, when the phase of the intake camshaft and/or the 
exhaust camshaft relative to the crankshaft is controlled by 
the control input, it is possible to maintain the control 
resolution and the control accuracy at respective high levels, 
as described hereinabove. 

0.019 Preferably, the controlled variable is a lift of at least 
one of each of intake valves and each of exhaust valves of 
an internal combustion engine. 
0020. With the configuration of the preferred embodi 
ment, when the lift of the intake valves and/or the exhaust 
valves is controlled by the control input, it is possible to 
maintain the control resolution and the control accuracy at 
respective high levels, as described hereinabove. 
0021 Preferably, the controlled variable is an air-fuel 
ratio parameter indicative of an air-fuel ratio of a mixture 
Supplied to an internal combustion engine. 
0022 With the configuration of the preferred embodi 
ment, when the air-fuel ratio parameter indicative of the 
air-fuel ratio of a mixture Supplied to the engine is controlled 
by the control input, it is possible to maintain the control 
resolution and the control accuracy at respective high levels, 
as described hereinabove. 

0023 The above and other objects, features, and advan 
tages of the present invention will become more apparent 
from the following detailed description taken in conjunction 
with the accompanying drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0024 FIG. 1 is a schematic diagram of an internal 
combustion engine to which is applied a control apparatus 
according to a first embodiment of the present invention; 
0025 FIG. 2 is a schematic block diagram of the control 
apparatus; 

0026 FIG. 3 is a schematic cross-sectional view of a 
variable intake valve-actuating mechanism and an exhaust 
valve-actuating mechanism of the engine; 
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0027 FIG. 4 is a schematic cross-sectional view of a 
variable valve lift mechanism of the variable intake valve 
actuating mechanism; 
0028 FIG. 5A is a diagram showing a lift actuator in a 
state in which a short arm thereof is in a maximum lift 
position; 

0029 FIG. 5B is a diagram showing the lift actuator in 
a state in which the short arm thereof is in the minimum lift 
position; 

0030 FIG. 6A is a diagram showing an intake valve 
placed in an open state when a lower link of the variable 
valve lift mechanism is in a maximum lift position; 
0031 FIG. 6B is a diagram showing the intake valve 
placed in an open state when the lower link of the variable 
valve lift mechanism is in the minimum lift position; 
0032 FIG. 7 is a diagram showing a valve lift curve 
(solid line) obtained when the lower link of the variable 
valve lift mechanism is in the maximum lift position, and a 
valve lift curve (two-dot chain line) obtained when the lower 
link of the variable valve lift mechanism is in the minimum 
lift position; 
0033 FIG. 8 is a schematic diagram of a variable cam 
phase mechanism; 
0034 FIG. 9 is a diagram showing a valve lift curve 
(Solid line) obtained when a cam phase is set to a most 
retarded value by the variable cam phase mechanism, and a 
valve lift curve (two-dot chain line) obtained when the cam 
phase is set to a most advanced value by the variable cam 
phase mechanism; 
0035 FIG. 10 is a schematic block diagram of a cam 
phase controller, 
0.036 FIG. 11 is a schematic block diagram of a valve lift 
controller; 
0037 FIG. 12 is a flowchart showing a process for 
controlling a cam phase and a valve lift; 
0038 FIG. 13 is a flowchart showing part of a process for 
calculating a phase control input Ucain; 
0.039 FIG. 14 is a flowchart showing a continuation of 
FIG. 13: 
0040 FIG. 15 is a diagram showing an example of a map 
for use in calculating a target cam phase Cain cmd. 
0041 FIG. 16 is a diagram showing an example of a map 
for Cain=Cainad for use in setting a modulated value selec 
tion flag F DSMFRQ; 
0.042 FIG. 17 is a diagram showing an example of a map 
for Cain=Cainmi for use in setting the modulated value 
selection flag F DSMFRQ: 
0.043 FIG. 18 is a diagram showing an example of a map 
for Cain=Cainrt for use in setting the modulated value 
selection flag F DSMFRQ: 
0044 FIG. 19 is a flowchart showing part of a process for 
calculating a lift control input Uliftin; 

004.5 FIG. 20 is a continuation of FIG. 19: 
0046 FIG. 21 is a diagram showing an example of a map 
for use in calculating a target valve lift Liftin cmd; 
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0047 FIG.22 is a diagram showing an example of a map 
for use in setting a modulated value selection flag F DSM 
FRO LF: 
0048 FIG. 23 is a timing diagram showing an example 
of a simulation of cam phase control executed by the control 
apparatus according to the first embodiment; 
0049 FIG. 24 is a timing diagram showing a compara 
tive example of results of a simulation of cam phase control; 
0050 FIG. 25 is a timing diagram showing another 
comparative example of results of a simulation of cam phase 
control; 

0051 FIG. 26 is a schematic block diagram of an air-fuel 
ratio controller, and 

0052 FIG. 27 is a diagram showing an example of a map 
for use in setting a modulated value selection flag F DSM 
FRO VE. 

DETAILED DESCRIPTION OF PREFERRED 
EMBODIMENTS 

0053 Hereafter, a control apparatus for an internal com 
bustion engine, according a first embodiment of the present 
invention, will be described with reference to the drawings. 
As shown in FIG. 2, the control apparatus 1 includes an 
ECU 2. As described hereinafter, the ECU 2 carries out 
various control processes for controlling a cam phase, a 
valve lift, etc., depending on operating conditions of an 
internal combustion engine (hereinafter simply referred to as 
“the engine') 3. 

0054) Referring to FIGS. 1 and 3, the engine 3 is an 
in-line four-cylinder gasoline engine having a four pairs of 
cylinders 3a and pistons 3b (only one pair of which is 
shown), and installed on a vehicle, not shown. The engine 3 
includes an intake valve 4 and an exhaust valve 7 provided 
for each cylinder 3a, for opening and closing an intake port 
and an exhaust port thereof, respectively, an intake camshaft 
5 and intake cams 6 for actuating the intake valves 4, a 
variable intake valve-actuating mechanism 40 that actuates 
the intake valves 4 to open and close the same, an exhaust 
camshaft 8 and exhaust cams 9 for actuating the exhaust 
valves 7, an exhaust valve-actuating mechanism 30 that 
actuates the exhaust valves 7 to open and close the same, 
fuel injection valves 10, spark plugs 11 (see FIG. 2), and so 
forth. 

0055. The intake valve 4 has a stem 4a thereof slidably 
fitted in a guide 4b. The guide 4b is rigidly fixed to a cylinder 
head 3c. Further, as shown in FIG. 4, the intake valve 4 
includes upper and lower spring sheets 4c and 4d. and a 
valve spring 4e disposed therebetween, and is urged by the 
valve spring 4e in the valve-closing direction. 

0056 Further, the intake camshaft 5 and the exhaust 
camshaft 8 are rotatably mounted through the cylinder head 
3c via holders, not shown. The intake camshaft 5 has an 
intake sprocket (not shown) coaxially and rotatably fitted on 
one end thereof. The intake sprocket is connected to a 
crankshaft 3d via a timing chain, not shown, and connected 
to the intake camshaft 5 via a variable camphase mechanism 
70, described hereinafter. With the above arrangement, the 
intake camshaft 5 performs one rotation per two rotations of 
the crankshaft 3d. Further, the intake cam 6 is provided on 
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the intake camshaft 5 for each cylinder 3a such that the 
intake cam 6 rotates in unison with the intake camshaft 5. 

0057. Furthermore, the variable intake valve-actuating 
mechanism 40 is provided for actuating the intake valve 4 of 
each cylinder 3a so as to open and close the same, in 
accordance with rotation of the intake camshaft 5, and 
continuously changing the lift and the valve timing of the 
intake valve 4, which will be described in detail hereinafter. 
It should be noted that in the present embodiment, “the lift 
of the intake valve 4” (hereinafter referred to as “the valve 
lift'). represents the maximum lift of the intake valve 4. 
0.058. On the other hand, the exhaust valve 7 has a stem 
7a thereof slidably fitted in a guide 7b. The guide 7b is 
rigidly fixed to the cylinder head 3c. Further, the exhaust 
valve 7 includes upper and lower spring sheets 7c and 7d. 
and a valve spring 7e disposed therebetween, and is urged by 
the valve spring 7e in the valve-closing direction. 
0059 Further, the exhaust camshaft 8 has an exhaust 
sprocket (not shown) integrally formed therewith, and is 
connected to the crankshaft 3d by the exhaust sprocket and 
the timing chain, not shown, whereby the exhaust camshaft 
8 performs one rotation per two rotations of the crankshaft 
3d. Further, the exhaust cam 9 is provided on the exhaust 
camshaft 8 for each cylinder 3a such that the exhaust cam 9 
rotates in unison with the exhaust camshaft 8. 

0060) Further, the exhaust valve-actuating mechanism 30 
includes rocker arms 31. Each rocker arm 31 is pivotally 
moved in accordance with rotation of the associated exhaust 
cam 9 to thereby actuate the exhaust valve 7 for opening and 
closing the same against the urging force of the valve spring 
7e. 

0061. On the other hand, the fuel injection valve 10 is 
provided for each cylinder 3a, and mounted through the 
cylinder head 3c in a tilted state such that fuel is directly 
injected into a combustion chamber. That is, the engine 3 is 
configured as a direct injection engine. Further, the fuel 
injection valve 10 is electrically connected to the ECU 2 and 
the valve-opening time period and the valve-opening timing 
thereof are controlled by the ECU 2, whereby the fuel 
injection amount is controlled. 
0062) The spark plug 11 as well is provided for each 
cylinder 3a, and mounted through the cylinder head 3c. The 
spark plug 11 is electrically connected to the ECU 2, and a 
state of spark discharge is controlled by the ECU 2 such that 
a mixture in the combustion chamber is burned in timing 
corresponding to ignition timing. 
0063. On the other hand, the engine 3 is provided with a 
crank angle sensor 20 and an engine coolant temperature 
sensor 21. The crank angle sensor 20 is comprised of a 
magnet rotor and an MRE (magnetic resistance element) 
pickup, and delivers a CRK signal, which is a pulse signal, 
to the ECU 2 in accordance with rotation of the crankshaft 
3d. Each pulse of the CRK signal is generated whenever the 
crankshaft 3d rotates through a predetermined angle (e.g. 
10°). The ECU 2 calculates the rotational speed NE of the 
engine 3 (hereinafter referred to as “the engine speed NE) 
based on the CRK signal. In the present embodiment, the 
crank angle sensor 20 corresponds to controlled variable 
detecting means. 
0064. The engine coolant temperature sensor 21 is imple 
mented e.g. by a thermistor, and detects an engine coolant 
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temperature TW to deliver a signal indicative of the sensed 
engine coolant temperature TW to the ECU 2. The engine 
coolant temperature TW is the temperature of an engine 
coolant circulating through a cylinder block3.h of the engine 
3. 

0065. Further, the engine 3 has an intake pipe 12 from 
which a throttle valve mechanism is omitted, and an intake 
passage 12a having a large diameter is formed through the 
intake pipe 12, whereby the engine 3 is configured such that 
flow resistance is Smaller than in an ordinary engine. The 
intake pipe 12 is provided with an air flow sensor 22 and an 
intake air temperature sensor 23 (see FIG. 2). 
0066. The air flow sensor 22 is formed by a hot-wire air 
flow meter, and detects the flow rate Gin of air flowing 
through the intake passage 12a (hereinafter referred to as 
“the air flow rate Gin') to deliver a signal indicative of the 
sensed air flow rate Ginto the ECU 2. The ECU 2 calculates 
the intake air amount Gcyl based on the airflow rate Gin and 
the engine speed NE. Further, the intake air temperature 
sensor 23 detects the temperature TA of the air flowing 
through the intake passage 12a (hereinafter referred to as 
“the intake air temperature TA), and delivers a signal 
indicative of the sensed intake air temperature TA to the 
ECU 2. 

0067 Further, a LAF sensor 24 and a catalytic converter 
14 are inserted into an exhaust pipe 13 of the engine 3 at 
respective locations in this order from upstream side. The 
LAF sensor 24 is comprised of a zirconia layer and platinum 
electrodes, and linearly detects the concentration of oxygen 
in exhaust gases flowing through an exhaust passage 13a of 
the exhaust pipe 13, in a broad air-fuel ratio range from a 
rich region richer than the Stoichiometric ratio to a very lean 
region, to deliver a signal indicative of the sensed oxygen 
concentration to the ECU 2. The ECU 2 calculates an actual 
air-fuel ratio Vex indicative of an air-fuel ratio in the exhaust 
gases, based on a value of the signal output from the LAF 
sensor 24. 

0068 Next, a description will be given of the aforemen 
tioned variable intake valve-actuating mechanism 4.0. As 
shown in FIG. 4, the variable intake valve-actuating mecha 
nism 40 is comprised of the intake camshaft 5, the intake 
cams 6, a variable valve lift mechanism 50, and the variable 
cam phase mechanism 70. 
0069. The variable valve lift mechanism 50 actuates the 
intake valves 4 to open and close the same, in accordance 
with rotation of the intake camshaft 5, and continuously 
changes the valve lift Liftin between a predetermined maxi 
mum value Liftinmax and a predetermined minimum value 
Liftinmin. The variable valve lift mechanism 50 is com 
prised of rocker arm mechanisms 51 of a four joint link type, 
provided for the respective cylinders 3a, and a lift actuator 
60 (see FIGS. 5A and 5B) simultaneously actuating these 
rocker arm mechanisms 51. 

0070). Each rocker arm mechanism 51 is comprised of a 
rocker arm 52, and upper and lower links 53 and 54. The 
upper link 53 has one end pivotally mounted to an upper end 
of the rocker arm 52 by an upper pin 55, and the other end 
pivotally mounted to a rocker arm shaft 56. The rocker arm 
shaft 56 is mounted through the cylinder head 3c via holders, 
not shown. 

0.071) Further, a roller 57 is pivotally disposed on the 
upper pin 55 of the rocker arm 52. The roller 57 is in contact 
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with a cam Surface of the intake cam 6. As the intake cam 
6 rotates, the roller 57 rolls on the intake cam 6 while being 
guided by the cam Surface of the intake cam 6. As a result, 
the rocker arm 52 is vertically driven, and the upper link 53 
is pivotally moved about the rocker arm shaft 56. 

0072 Furthermore, an adjusting bolt 52a is mounted to 
an end of the rocker arm 52 toward the intake valve 4. When 
the rocker arm 52 is vertically moved in accordance with 
rotation of the intake cam 6, the adjusting bolt 52a vertically 
drives the stem 4a to open and close the intake valve 4, 
against the urging force of the valve spring 4.e. 

0073. Further, the lower link 54 has one end pivotally 
mounted to a lower end of the rocker arm 52 by a lower pin 
58, and the other end of the lower link 54 has a connection 
shaft 59 pivotally mounted thereto. The lower link 54 is 
connected to a short arm 65, described hereinafter, of the lift 
actuator 60 by the connection shaft 59. 

0074. On the other hand, as shown in FIGS.5A and 5B, 
the lift actuator 60 is comprised of a motor 61, a nut 62, a 
link 63, a long arm 64, and the short arm 65. The motor 61 
is connected to the ECU 2, and disposed outside a head 
cover 3g of the engine 3. The rotating shaft of the motor 61 
is a screw shaft 61a formed with a male screw and the nut 
62 is screwed onto the screw shaft 61a. The nut 62 is 
connected to the long arm 64 by the link 63. The link 63 has 
one end pivotally mounted to the nut 62 by a pin 63a, and 
the other end pivotally mounted to one end of the long arm 
64 by a pin 63b. 

0075) Further, the other end of the long arm 64 is attached 
to one end of the short arm 65 by a pivot shaft 66. The pivot 
shaft 66 is circular in cross section, and extends through the 
head cover 3g of the engine 3 such that it is pivotally 
supported by the head cover 3g. The long arm 64 and the 
short arm 65 are pivotally moved in unison with the pivot 
shaft 66 in accordance with pivotal motion of the pivot shaft 
66. 

0.076 Furthermore, the aforementioned connection shaft 
59 rotatably extends through the other end of the short arm 
65, whereby the short arm 65 is connected to the lower link 
54 by the connection shaft 59. 
0.077 Next, a description will be given of the operation of 
the variable valve lift mechanism 50 constructed as above. 
In the variable valve lift mechanism 50, when a lift control 
input Uliftin, described hereinafter, is input from the ECU 2 
to the lift actuator 60, the screw shaft 61a rotates, and the nut 
62 is moved in accordance with the rotation of the screw 
shaft 61a, whereby the long arm 64 and the short arm 65 are 
pivotally moved about the pivot shaft 66, and in accordance 
with the pivotal motion of the short arm 65, the lower link 
54 of the rocker arm mechanism 51 is pivotally moved about 
the lower pin 58. That is, the lower link 54 is driven by the 
lift actuator 60. 

0078. During the above process, under the control of the 
ECU 2, the range of pivotal motion of the short arm 65 is 
restricted between the maximum lift position shown in FIG. 
5A and the minimum lift position shown in FIG. 5B, 
whereby the range of pivotal motion of the lower link 54 is 
also restricted between the maximum lift position indicated 
by the solid line in FIG. 4 and the minimum lift position 
indicated by the two-dot chain line in FIG. 4. 
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0079. The four joint link formed by the rocker arm shaft 
56, the upper and lower pins 55 and 58, and the connection 
shaft 59 is configured such that when the lower link 54 is in 
the maximum lift position, the distance between the center 
of the upper pin 55 and the center of the lower pin 58 
becomes longer than the distance between the center of the 
rocker arm shaft 56 and the center of the connection shaft 59, 
whereby as shown in FIG. 6A, when the intake cam 6 
rotates, the amount of movement of the adjusting bolt 52a 
becomes larger than the amount of movement of a contact 
point where the intake cam 6 and the roller 57 are in contact 
with each other. 

0080. On the other hand, the four joint link is configured 
such that when the lower link 54 is in the minimum lift 
position, the distance between the center of the upper pin 55 
and the center of the lower pin 58 becomes shorter than the 
distance between the center of the rocker arm shaft 56 and 
the center of the connection shaft 59, whereby as shown in 
FIG. 6B, when the intake cam 6 rotates, the amount of 
movement of the adjusting bolt 52a becomes smaller than 
the amount of movement of the contact point where the 
intake cam 6 and the roller 57 are in contact with each other. 

0081 For the above reason, when the lower link 54 is in 
the maximum lift position, the intake valve 4 is opened with 
a larger valve lift Liftin than when the lower link 54 is in the 
minimum lift position. More specifically, during rotation of 
the intake cam 6, when the lower link 54 is in the maximum 
lift position, the intake valve 4 is opened according to a 
valve lift curve indicated by a solid line in FIG. 7, and the 
valve lift Liftin assumes its maximum value Liftinmax. On 
the other hand, when the lower link 54 is in the minimum lift 
position, the intake valve 4 is opened according to a valve 
lift curve indicated by a two-dot chain line in FIG. 7, and the 
valve lift Liftin assumes its minimum value Liftinmin. 

0082) Therefore, in the variable valve lift mechanism 50, 
the lower link 54 is pivotally moved by the lift actuator 60 
between the maximum lift position and the minimum lift 
position, whereby it is possible to steplessly change the 
valve lift Liftin between the maximum value Liftinmax and 
the minimum value Liftinmin. 

0083) In the case of the variable valve lift mechanism 50 
constructed as above, when the intake camshaft 5 rotates, the 
urging force of each valve spring 4e of the intake valve 4 is 
received as a cam reaction force. The cam reaction force is 
transmitted to the motor 61 via the lower link 54, the 
connection shaft 59, and the two arms 65 and 64, as a 
periodic oscillating disturbance, thereby vibrating the same. 
During the process, the amplitude of the disturbance 
received by the motor 61 is larger in a low engine speed 
region than in a medium-to-high engine speed region, and 
varies with the change in the angle of the lower link 54 (i.e. 
the frequency characteristic of the variable valve lift 50 
varies), and particularly, when the lower link 54 is in the 
minimum lift position i.e. when Liftin=Liftinmin holds, the 
amplitude of the disturbance received by the motor 61 
becomes largest. Thus, when the motor 61 is vibrating with 
a large amplitude, if the inverting frequency of the lift 
control input Uliftin, referred to hereinafter, assumes a value 
close to the frequency of the vibration of the motor 61, the 
motor 61 undergoes resonance, which lowers the resolution 
i.e. controllability of valve lift control. Therefore, in the 
valve lift control, described hereinafter, the lift control input 
Uliftin is calculated such that a resonance can be avoided. 
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0084. It should be noted that the variable valve lift 
mechanism 50 is provided with a lock mechanism, not 
shown, and the lock mechanism locks the operation of the 
variable valve lift mechanism 50 when the lift control input 
Uliftin is set to a value of 0, as described hereinafter, and 
when the lift control input Uliftin is not input from the ECU 
2 to the lift actuator 60 e.g. due to a disconnection. That is, 
the variable valve lift mechanism 50 is inhibited from 
changing the valve lift Liftin, whereby the valve lift Liftin 
is held at the minimum value Liftinmin. It should be noted 
that when a cam phase Cain is held at a predetermined 
locked value, referred to hereinafter, the minimum value 
Liftinmin is set to Such a value as will ensure a predeter 
mined failure-time value of the intake air amount. The 
predetermined failure-time value is set to a value which is 
capable of Suitably carrying out idling or starting of the 
engine 3 during stoppage of the vehicle, and capable of 
holding the vehicle in a state of low-speed traveling when 
the vehicle is traveling. 
0085. The engine 3 is provided with a pivot angle sensor 
25 (see FIG. 2). The pivot angle sensor 25 detects a pivot 
angle of the rotating shaft 66 i.e. the short arm 65, and 
delivers a signal indicative of the detected pivot angle of the 
short arm 65 to the ECU 2. The ECU 2 calculates the valve 
lift Liftin based on the detection signal from the pivot angle 
sensor 25. In the present embodiment, the pivot angle sensor 
25 corresponds to the controlled variable-detecting means. 
0086) Next, a description will be given of the aforemen 
tioned variable camphase mechanism 70. The variable cam 
phase mechanism 70 is provided for continuously advancing 
or retarding the relative phase Cain of the intake camshaft 5 
with respect to the crankshaft 3d (hereinafter referred to as 
“the cam phase Cain'), and mounted on an intake sprocket 
side end of the intake camshaft 5. As shown in FIG. 8, the 
variable cam phase mechanism 70 includes a housing 71, a 
three-bladed vane 72, an oil pressure pump 73, and a 
solenoid valve mechanism 74. 

0087. The housing 71 is integrally formed with the intake 
sprocket on the intake camshaft 5, and divided by three 
partition walls 71a formed at equal intervals. The vane 72 is 
coaxially mounted on the intake sprocket-side end of the 
intake camshaft 5, such that the vane 72 radially extends 
outward from the intake camshaft 5, and rotatably housed in 
the housing 71. Further, the housing 71 has three advance 
chambers 75 and three retard chambers 76 each formed 
between one of the partition walls 71a and one of the three 
blades of the vane 72. 

0088. The oil pressure pump 73 is of a mechanical type 
which is connected to the crankshaft 3d. As the crankshaft 
3d rotates, the oil pressure pump 73 draws lubricating oil 
stored in an oil pan 3e of the engine 3 via an oil passage 77c, 
for pressurization, and Supplies the pressurized oil to the 
solenoid valve mechanism 74 via the oil passage 77c. 
0089. The solenoid valve mechanism 74 is formed by 
combining a spool valve mechanism 74a and a Solenoid 74b, 
and is connected to the advance chambers 75 and the retard 
chambers 76 via an advance oil passage 77a and a retard oil 
passage 77b such that oil pressure supplied from the oil 
pressure pump 73 is output to the advance chambers 75 and 
the retard chambers 76 as advance oil pressure Pad and 
retard oil pressure Prt. The solenoid 74b of the solenoid 
valve mechanism 74 is electrically connected to the ECU 2. 
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When a phase control input Ucain, referred to hereinafter, is 
input from the ECU 2, the solenoid 74b moves a spool valve 
element of the spool valve mechanism 74a within a prede 
termined range of motion according to the phase control 
input Ucain to thereby change both the advance oil pressure 
Pad and the retard oil pressure Prt. 

0090. In the variable cam phase mechanism 70 con 
structed as above, during operation of the oil pressure pump 
73, the solenoid valve mechanism 74 is operated according 
to the phase control input Ucain, to Supply the advance oil 
pressure Pad to the advance chambers 75 and the retard oil 
pressure Prt to the retard chambers 76, whereby the relative 
phase between the vane 72 and the housing 71 is changed 
toward an advanced side or a retarded side. As a result, the 
cam phase Cain described above is continuously changed 
between a most retarded value Cainrt and a most advanced 
value Cainad, whereby valve timing of the intake valve 4 is 
continuously changed between a most retarded timing indi 
cated by a solid line in FIG. 9 and a most advanced timing 
indicated by a two-dot chain line in FIG. 9. It should be 
noted that in the control process, described hereinafter, the 
most retarded value Cainrt is set to 0°, and the most retarded 
value Cainad is set to a predetermined positive angle (e.g. 
1009). 
0091. The hydraulically-driven variable cam phase 
mechanism 70 constructed as above has a characteristic that 
with a change in the engine speed NE, the sensitivity 
(frequency characteristic) and nonlinearity of the cam phase 
Cain to the phase control input Ucain vary. For example, 
during the cam phase control, when the variation in the 
engine speed of the engine 3 increases, the work by the cam 
reaction force per unit time, and sprocket variation (i.e. 
chain speed variation or crank angular speed variation) 
increase, whereby the sensitivity of the cam phase Cain to 
the phase control input Ucain becomes high. Particularly, the 
sensitivity of the cam phase Cain to high-frequency com 
ponents of the phase control input Ucain (hereinafter, 
referred to as “high-frequency sensitivity”) becomes high. 
Further, when the engine speed NE lowers, the supply oil 
pressure from the oil pump 73 lowers, increasing nonlin 
earities. Such as dead time and hysteresis. Therefore, in the 
cam phase control, described hereinafter, the phase control 
input Ucain is calculated in a manner coping with Such 
changes in the sensitivity and the nonlinearity. 

0092. It should be noted that the variable cam phase 
mechanism 70 is provided with a lock mechanism, not 
shown, which locks operation of the variable cam phase 
mechanism 70, when oil pressure supplied from the oil 
pressure pump 73 is low, when the phase control input Ucain 
is set to a value of 0, or when the phase control input Ucain 
is not input to the Solenoid valve mechanism 74 e.g. due to 
a disconnection. That is, the variable cam phase mechanism 
70 is inhibited from changing the camphase Cain, whereby 
the cam phase Cain is held at the predetermined locked 
value. When the camphase Cain is held at the predetermined 
locked value and at the same time the valve lift Liftin is held 
at the minimum value Liftinmin, as described above, the 
predetermined failure time value is secured as the intake air 
amount, as described hereinabove. 

0093. On the other hand, a cam angle sensor 26 (see FIG. 
2) is disposed at an end of the intake camshaft 5 opposite 
from the variable cam phase mechanism 70. The cam angle 
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sensor 26 is implemented e.g. by a magnet rotor and an MRE 
pickup, for delivering a CAM signal, which is a pulse signal, 
to the ECU 2 along with rotation of the intake camshaft 5. 
Each pulse of the CAM signal is generated whenever the 
intake camshaft 5 rotates through a predetermined cam angle 
(e.g. 1). The ECU 2 calculates the camphase Cain based on 
the CAM signal and the CRK signal, described above. In the 
present embodiment, the cam angle sensor 26 corresponds to 
the controlled variable-detecting means. 
0094 Thus, the camphase Cain is calculated based on the 
two pulse signals intermittently generated along with the 
rotations of the crankshaft 3d and the intake camshaft 5, and 
hence the repetition period at which the cam phase Cain is 
calculated becomes longer when the engine 3 is in a low 
engine speed region than when the same is in a medium 
to-high engine speed region, which causes lowering of the 
control resolution in the low engine speed region during the 
cam phase control. Therefore, in the cam phase control, 
described hereinafter, the phase control input Ucain is 
calculated in a manner coping with the lowering of the 
control resolution in the low engine speed region. 
0.095 Next, as shown in FIG. 2, connected to the ECU 2 
are an accelerator pedal opening sensor 27, and an ignition 
switch (hereinafter referred to as “the IG-SW) 28. The 
accelerator pedal opening sensor 27 detects a stepped-on 
amount AP of an accelerator pedal, not shown, of the vehicle 
(hereinafter referred to as “the accelerator pedal opening 
AP) and delivers a signal indicative of the sensed accel 
erator pedal opening AP to the ECU 2. Further, the IG-SW 
28 is turned on or off by operation of an ignition key, not 
shown, and delivers a signal indicative of the ON/OFF state 
thereof to the ECU 2. 

0096. The ECU 2, which is implemented by a microcom 
puter comprised of a CPU, a RAM, a ROM and an I/O 
interface (none of which are shown), determines operating 
conditions of the engine 3 based on the detection signals 
from the aforementioned sensors 20 to 27, the ON/OFF 
signal from the IG-SW 28, and so forth, and executes the 
various control processes. More particularly, the ECU 2 
controls the cam phase Cain and the valve lift Liftin via the 
variable camphase mechanism 70 and the variable valve lift 
mechanism 50 depending on operating conditions of the 
engine 3, to thereby control the intake air amount. Further, 
although not shown, the ECU 2 controls the fuel injection 
amount via the fuel injection valves 10. 
0097. It should be noted that in the present embodiment, 
the ECU 2 corresponds to the controlled variable-detecting 
means, target value-setting means, follow-up control input 
calculating means, and control input-calculating means. 
0.098 Next, a description will be given of the control 
apparatus 1 according to the present embodiment. The 
control apparatus 1 includes a cam phase controller 100 (see 
FIG. 10), and a valve lift controller 200 (see FIG. 11), both 
of which are implemented by the ECU 2. 
0099 Next, the cam phase controller 100 will be 
described with reference to FIG. 10. The cam phase con 
troller 100 controls the cam phase Cain as a controlled 
variable by inputting the phase control input Ucain to a 
controlled object 90. The controlled object 90 corresponds to 
a system including the variable cam phase mechanism 70. 
0100. The cam phase controller 100 calculates, as 
described in detail hereinbelow, the phase control input 
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Ucain, and the phase control input Ucain is input to the 
controlled object 90, whereby the cam phase Cain is con 
trolled Such that it follows the target cam phase Cain cmd. 

0101. As shown in FIG. 10. the cam phase controller 100 
is comprised of a target cam phase-calculating section 101, 
a two-degree-of-freedom response-specifying controller 
102, and a DSM controller 103. 

0102) The target cam phase-calculating section 101 cal 
culates, as described hereinafter, the target cam phase 
Cain cmd e.g. by searching a map (see FIG. 15) according 
to operating conditions of the engine 3. It should be noted 
that in the present embodiment, the target cam phase 
calculating section 101 corresponds to the target value 
setting means, and the target cam phase Cain cmd corre 
sponds to the target value. 

0103) The two-degree-of-freedom response-specifying 
controller 102 calculates the follow-up control input Rsld for 
cam phase control with a target value filter-type two-degree 
of-freedom sliding mode control algorithm expressed by the 
following equations (1) to (9) as a value for causing the cam 
phase Cain to follow the target cam phase Cain cmd. It 
should be noted that the two-degree-of-freedom response 
specifying controller 102 corresponds to the follow-up con 
trol input-calculating means. 

Cain cmd f(k) = (1) 
-POLE f. Cain cmd f(k - 1) + (1 + POLE f). Cain cmdk) 

Rsld(k) = Reg(k) + Rrch(k) + Radp(k) + Radamp(k) (2) 

1 (3) 
Req(k) = f{(l - a1 - POLE). Cain(k) + 

(POLE - a2). Cain(k - 1) - b2. RSid (k - 1) + Cain cmd f(k) + 
(POLE - 1). Cain cmd f(k - 1) - POLE. Cain cmd f(k - 2)} 

Rsld (k - 1) = r2(k - 1) + Ucain oft adp(k - 1) (4) 

Rrch(k) = - Krch k (5) rch(k) = - - ... O S(k) 

k (6) 

Radp(k) = kille 2. Os(i) 

Rdamp(k) = -Kdamp. Cain(k) - Cain(k - 1)} (7) 

Os(k) = e(k) -- POLE. e(k - 1) (8) 

e(k) = Cain(k) - Cain cmd f(k - 1) (9) 

0104. In the above equations (1) to (9), discrete data with 
a symbol (k) indicates that it is data sampled or calculated 
in synchronism with a predetermined control period ATk 
(8 ATu, i.e. the eightfold value of a predetermined control 
period ATu, referred to hereinafter). The symbolk indicates 
a position in the sequence of sampling cycles of respective 
discrete data. For example, the symbol k indicates that 
discrete data therewith is a value sampled in the current 
control timing, and a symbol k-1 indicates that discrete data 
therewith is a value sampled in the immediately preceding 
control timing. This also applies to the following discrete 
data. It should be noted that in the following description, the 
symbol (k) provided for the discrete data are omitted as 
deemed appropriate. 
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0105. In the control algorithm, first, a filtered value 
Cain cmd f of a target cam phase is calculated with a 
first-order lag filter algorithm expressed by the equation (1). 
In the equation (1), POLE frepresents a target value filter 
setting parameter set to a value which satisfies the relation 
ship of -1<POLE f-0. 
0106 Next, the follow-up control input Rsld for cam 
phase control is calculated with a sliding mode control 
algorithm expressed by the equations (2) to (9). That is, as 
shown in the equation (2), the follow-up control input Rsld 
for cam phase control is calculated as the Sum of an 
equivalent control input Req, a reaching law input Rrch, an 
adaptive law input Radp, and a damping input Rdamp. 
0107 The equivalent control input Req is calculated 
using the equation (3). In the equation (3), parameters a1, a2, 
b1, and b2 represent model parameters of a model, referred 
to hereinafter, which are set to respective predetermined 
values. Further, in the equation (3), POLE represents a 
Switching function-setting parameter set to a value which 
satisfies the relationship of -1<POLE f-POLE<0. Further, 
Rsld' in the equation (3) represents the immediately preced 
ing equivalent value of the follow-up control input calcu 
lated by the equation (4). In the equation (4), r2 represents 
a limited value calculated by the limiter 106, as described 
hereinbelow, and Ucain of adip represents an adaptive off 
set value which is calculated by the adaptive offset value 
calculating section 104, as described hereinafter. 
01.08 Further, the reaching law input Rrch is calculated 
using an equation (5). In the equation (5), Krch represents a 
predetermined reaching law gain, and OS represents a 
switching function defined by the equation (8). The symbol 
e in the equation (8) represents a difference defined by the 
equation (9). 
0109 Furthermore, the adaptive law input Radp is cal 
culated by the equation (6). In the equation (6), Kadp 
represents a predetermined adaptive law gain. In the mean 
time, the damping input Rdamp is calculated by the equation 
(7). In the equation (7), Kdamp represents a predetermined 
damping gain. 

0110. The equations (1) to (9) are derived as follows: 
When the controlled object is defined as a system to which 
the follow-up control input Rsld for the cam phase control 
is input as a control input, to thereby control the cam phase 
Cain as a controlled variable, and this system is modeled 
into a discrete-time system model, the following equation 
(10) is obtained: 

b2-Rsld(k-1) (10) 

0111. To the controlled object modeled as described 
above, the target filter-type two-degree-of-freedom sliding 
mode control theory is applied Such that the cam phase Cain 
follows the target cam phase Cain cmd., and at the same 
time, the immediately preceding value Rsld'(k-1) of the 
above-mentioned follow-up control input on the right side of 
the equation of the equivalent input Req is replaced by the 
immediately preceding equivalent value Rsld'(k-1) of the 
above-mentioned follow-up control input, whereby the 
aforementioned equations (1) to (9) are derived. 
0112 The reason for using the immediately preceding 
value Rsld(k-1) of the above-mentioned follow-up control 
input in place of the immediately preceding equivalent value 
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Rsld'(k-1) of the same is as follows: The phase control input 
Ucain inputted to the controlled object 90 is calculated by 
subjecting the difference between the follow-up control 
input Rsld and the adaptive offset value Ucain oft adp to a 
limiting process to thereby calculate the limited value r2. 
and Subjecting the limited value r2 to an oversampling 
process, a modulation process, again an oversampling pro 
cess, and/or the like to calculate a modulated value u, and 
adding the adaptive offset value Ucain oft adp to the modu 
lated value u. 

0113. In contrast, to properly maintain the characteristics 
of the equivalent input Req for holding the value of the 
Switching function OS that acts as a feedforward input, on a 
Switching Straight line, it is necessary, in the calculation of 
the equivalent input Req, to enhance the accuracy of calcu 
lation of the control input by using the real value of the 
follow-up control input Rsld before the modulation con 
tained in the phase control input Ucain(k-1) actually input 
to the controlled object 90 in the immediately preceding 
control timing, as the immediately preceding value of the 
follow-up control input Rsld. In this case, in the calculation 
of the phase control input Ucain, the follow-up control input 
Rsld, the limited value r2 obtained by subjecting the differ 
ence between the follow-up control input Rsld and the 
adaptive offset value Ucain oft adp to the limit process, as 
described above, and hence, the sum of the limited value 
r2(k-1) and the adaptive offset value Ucain oft adp(k-1), 
i.e. the immediately preceding equivalent value Rsld'(k-1) 
corresponds to the real value of the follow-up control input 
Rsld before the modulation contained in the phase control 
input Ucain(k-1) calculated in the immediately preceding 
control timing. For the above reason, in the algorithm of the 
two-degree-of-freedom response-specifying controller 102. 
the immediately preceding equivalent value Rsld'(k-1) is 
used in place of the immediately preceding value Rsld(k-1) 
of the follow-up control input. 

0114) Next, a description will be given of the DSM 
controller 103. The DSM controller 103 calculates the phase 
control input Ucain based on the follow-up control input 
Rsld, as described hereafter, and is comprised of an adaptive 
offset value-calculating section 104, a subtractor 105, a 
limiter 106, five oversamplers 107, 109, 110, 112, and 115, 
a first modulation section 108, a second modulation section 
111, a state determination section 113, a modulated value 
selecting section 114, and an adder 116, as shown in FIG. 
10. It should be noted that in the present embodiment, the 
DSM controller 103 corresponds to the control input-calcu 
lating means. 

0115 The adaptive offset value-calculating section 104 
calculates the adaptive offset value Ucain oft adp based on 
the follow-up control input Rsld with an algorithm described 
hereinafter. 

0116 First, an unprocessed value Ucain oft adp' of the 
adaptive offset value is calculated with a rate-limiting pro 
cess algorithm expressed by the following equations (11) to 
(15): 

Ucain oft adp'(k)=Ucain oftadp(k-1)+Ducain 
mod(k) (11) 

0.117) WHEN Epsis Ducain(k), 
Ducain mod(k)=Eps (12) 
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0118 WHEN -Eps(k)<Ducain(k)<Eps, 
Ducain mod(k)=Ducain(k) (13) 

0119 WHEN Ducain(k)s-Eps, 
Ducain mod(k)=-Eps (14) 
Ducain(k)=Rsld(k)-Ucain oft adp(k-1) (15) 

0120 In the equation (11), Ducain mod represents an 
amount of change in the unprocessed value Ucain oft adp', 
and as shown in the equations (12) to (15), is calculated by 
subjecting the difference Ducain between the present value 
of the follow-up control input Rsld and the immediately 
preceding value of the adaptive offset value Ucain oft adp 
to a limiting process using Eps as an upper limit value and 
-Eps as a lower limit value. It should be noted that the value 
Eps is set to a predetermined positive value. The unproc 
essed value Ucain oft adp' of the adaptive offset value is 
calculated as described above, and hence it is calculated as 
a value gently following a change in the follow-up control 
input Rsld. 
0121 Next, the adaptive offset value Ucain oft adp is 
calculated by Subjecting the unprocessed value Ucain 
oft adp' of the adaptive offset value to the limiting process 
shown in the following equations (16) to (19): 

Ucain oft adp(k)=Lim(Ucain ofi adp'(k)) (16) 

0.122 WHEN Ucain oft maxs Ucain oft adp'(k), 
Lim(Ucain ofi adip'(k))=Ucain oft max (17) 

0123 WHEN 
Ucain oft minkUcain oft adp'(k)<Ucain oft max, 
Lim(Ucain oftadp'(k))=Ucain oftadp'(k) (18) 

0.124 WHEN Ucain oft adp'(k)s Ucain oft min, 
Lim(Ucain oftadp'(k))=Ucain oft min (19) 

0125. In the equation (16), Lim(Ucain of adp") repre 
sents a limiting function, and the value is defined as in the 
equations (17) to (19). Further, Ucain oft max in the equa 
tion (17) represents a predetermined upper limit value, and 
Ucain oft min in the equation (19) represents a predeter 
mined lower limit value. As described above, the adaptive 
offset value Ucain oft adp is calculated by Subjecting the 
unprocessed value Ucain oft adp' to the limiting process, as 
a value which exceeds neither the upper limit values Ucain 
oft max nor the lower limit value Ucain oft min. This 
makes it possible to prevent the final modulated phase 
control input Ucain from exceeding the upper or lower limit 
of the range (e.g. 0 to 12 V) that can be attained by hardware, 
to thereby prevent the control from becoming impossible to 
eXecute. 

0126 Further, the subtractor 105 calculates the reference 
input r1 as the difference between the follow-up control 
input Rsld and the adaptive offset value Ucain oft adp, as 
shown in the equation (20). It should be noted that in the 
present embodiment, the reference input r1 corresponds to 
one input component, and the adaptive offset value Ucain 
oft adp to an input component other than the one input 

component. 

r1(k)=Rsld(k)-Ucain oft adp(k) (20) 

0127. Then, the limiter 106 calculates the limited value r2 
by Subjecting the reference input r1 to a limiting process 
expressed by the following equations (21) to (24): 
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0128 WHEN r1 maxsr1(k), 
Lim (r1(k))=r1 max (22) 

0129 WHEN r1 minkr1(k).<rl max, 
Lim (r1(k))=r1(k) (23) 

0.130 WHEN r1(k)s r1 min, 
Lim (r1(k))=r1 min (24) 

0.131. In the equation (21), Lim(r1) represents a limiting 
function, and the value is defined as shown in equations (22) 
to (24). The symbol r1 max in this equation (22) represents 
a predetermined upper limit value, and r1 min represents a 
predetermined lower limit value. 
0.132. Further, the oversampler 107 calculates the over 
sampled value r2(n1) by oversampling the limited value r2 
at a predetermined control period AT1 (=4'ATu). It should be 
noted that in the following description, discrete data with a 
symbol (nl) indicates that it is data sampled or calculated in 
synchronism with a predetermined control period AT1. 
Further, in the following description, the symbol (n1) is 
omitted as deemed appropriate. 
0.133 Further, the first modulation section 108 calculates 
the first modulated value u1 by modulating the oversampled 
value r2(n1) of the limited value with a modulation algo 
rithm which is based on the AX modulation algorithm and 
expressed by the following equations (25) to (29): 

81 (n1)=r2(n1)-u1(n1-1) (25) 
o1 (n1)=o1 (n1-1)+81 (n1) (26) 
u1(n1)=fin1 (ol (n1)) (27) 

0134) WHEN O1(n1)20, 

0.136. As shown in the equation (25), the difference 81 is 
calculated as the difference between the present value of the 
oversampled value r2 of the limited value and the immedi 
ately preceding value of the first modulated value u1. 
Further, in the equation (26), Ol represents an integral value 
of the difference 81. Further, in the equation (27), fin1 (O1) 
represents a nonlinear function whose value is defined as in 
the equations (28) and (29) (it may be defined that when 
O1=0, fn1(O1)=0 holds.) 
0.137 Further, R1 in the equations (28) and (29) is set to 
Such a predetermined positive value as will always satisfy 
the relationship of R1 > r2, and make the amplitude 2:R1 of 
the first modulated value u1 smaller than a range between 
the maximum value and the minimum value which the 
follow-up control input Rsld can assume during the control. 
It should be noted that the value R1 may be calculated by 
searching a table or a map according to operating conditions 
of the engine 3. As is clear from the equations (25) to (29), 
the first modulated value u1 is calculated as a value which 
is repeatedly inverted between a predetermined value -R1 
and a predetermined value R1. 
0.138 Next, the oversampler 109 calculates an over 
sampled value u1 (m) of the first modulated value by over 
sampling the first modulated value u1 at the predetermined 
control period ATu. It should be noted that discrete data with 
a symbol (m) indicates that it is data sampled or calculated 
in synchronism with the predetermined control period ATu. 
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Further, in the following description, the symbol (m) is 
omitted as deemed appropriate. 
0.139. On the other hand, the oversampler 110 calculates 
the oversampled value r2(n2) of the limited value by over 
sampling the limited value r2 at a predetermined control 
period AT2 (=2"ATu). It should be noted that discrete data 
with a symbol (n2) indicates that it is data sampled or 
calculated in Synchronism with a predetermined control 
period AT2. Further, in the following description, the sym 
bol (n2) is omitted as deemed appropriate. 
0140. Further, the second modulation section 111 calcu 
lates the second modulated value u2 by modulating the 
oversampled value r2(n2) of the limited value with a modu 
lation algorithm which is based on the AX modulation 
algorithm and expressed by the following equations (30) to 
(34): 

0143. As shown in the equation (30), the difference 82 is 
calculated as the difference between the present value of the 
oversampled value r2 of the limited value and the immedi 
ately preceding value of the second modulated value u2. 
Further, in the equation (31), O2 represents an integral value 
of the difference 82. Also, in the equation (32), fin1 (O2) 
represents a nonlinear function as defined in the equations 
(33) and (34) (it may be defined that when O2=0, fn1 (O2)=0 
holds). 
0144) Further, R2 in the equations (33) and (34) is set to 
Such a predetermined positive value as will always satisfy 
the relationship of R2> r2 during the control and make the 
amplitude 2: R2 of the second modulated value u2 smaller 
than a range between the maximum value and the minimum 
value which the follow-up control input Rsld can assume 
during the control. It should be noted that the value R2 may 
be calculated by searching a table or a map according to 
operating conditions of the engine 3. AS is clear from the 
equations (30) to (34), the second modulated value u2 is 
calculated as a value which is repeatedly inverted between 
a predetermined value -R2 and a predetermined value R2. 
0145 Next, the oversampler 112 calculates the over 
sampled value u2(m) by oversampling the second modulated 
value u2 at the predetermined control period ATu. 
0146). Further, the state determination section 113 sets a 
modulated value selection flag F DSMFRO to 1 or 0 by 
searching maps (see FIGS. 16 to 18) according to the engine 
speed NE, the valve lift Liftin, and the cam phase Cain, 
respectively. It should be noted that in the present embodi 
ment, the engine speed NE, the valve lift Liftin, and the cam 
phase Cain each correspond to a parameter indicative of a 
state of the controlled object. 
0147 Next, the modulated value-selecting section 114 
calculates the modulated value u by the following equations 
(35) and (36) according to the modulated value selection flag 
F DSMFRO set by the state determination section 113. That 
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is, one of the first modulated value u1 and the second 
modulated value u2 is selected as the modulated value u. 

0148 WHEN F. DSMFRQ=1, 
ti(n)=ut 1(n) 35 

0149 WHEN F. DSMFRQ=0, 
ti(n)=t2(m) (36) 

0150. On the other hand, the oversampler 115 calculates 
the oversampled value Ucain oft adp(m) of the adaptive 
offset value by oversampling the adaptive offset value 
Ucain oft adp calculated by the adaptive offset value-cal 
culating section 104 at the predetermined control period 
ATu. 

0151. Next, the adder 116 calculates the phase control 
input Ucain by the following equation (37): 

Ucain(n)=ti(n)+Ucain oft adp(m) (37) 

0152 Next, the aforementioned valve lift controller 200 
will be explained with reference to FIG. 11. The valve lift 
controller 200 controls the valve lift Liftin as the controlled 
variable by inputting the lift control input Uliftin to the 
controlled object 190. More specifically, the controlled 
object 190 corresponds to a system including the variable 
valve lift mechanism 50. 

0153. The valve lift controller 200 calculates the lift 
control input Uliftin by the same computation method as 
employed by the cam phase controller 100, as described 
hereinbelow, and the lift control input Uliftin is input to the 
controlled object 190 whereby the valve lift Liftin is con 
trolled such that it follows the target valve lift Liftin cmd. 

0154). As shown in FIG. 11, the valve lift controller 200 
is comprised of a target valve lift-calculating section 201, a 
two-degree-of-freedom response-specifying controller 202, 
and a DSM controller 230. 

0.155 The target valve lift-calculating section 201 calcu 
lates the target valve lift Liftin cmd, as described hereinaf 
ter, by searching a map (see FIG. 21), according to operating 
conditions of the engine 3. It should be noted that in the 
present embodiment, the target valve lift-calculating section 
201 corresponds to the target value-setting means, and the 
target valve lift Liftin cmd to the target value. 
0156 The two-degree-of-freedom response-specifying 
controller 202 calculates the follow-up control input Rsld lif 
for valve lift control, with a target value filter-type two 
degree-of-freedom sliding mode control algorithm which is 
expressed by the following equations (38) to (41), as a value 
for causing the valve lift Liftin to follow the target valve lift 
Liftin cmd. It should be noted in the present embodiment, 
the two-degree-of-freedom response-specifying controller 
202 corresponds to the follow-up control input-calculating 
CaS. 

Liftin cmd f(k) = -POLE f 1.f. Liftin cmd f(k - 1) + (38) 
(1 + POLE f 1f). Liftin cmdk) 

Rsld 1 f(k) = (39) 
Req 1 f(k) + Rrch 1 f(k) + Radp 1 f(k) +Rdamp 1 f(k) 
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-continued 

Req 1 f(k) = (40) 

sitti - all 1.f-POLE 1.f). Liftin(k) + (POLE 1.f-a2 1f). 

Liftin(k - 1) - b2 1.f. Rsld 1 f'(k - 1) + 
Liftin cmd f(k) + (POLE 1.f - 1). Liftin cmd f(k - 1)- 

POLE 1.f. Liftin cmd f(k - 2)} 

Rsld 1 f'(k - 1) = r2 1 f(k - 1) + Uliftin oftadp(k - 1) (41) 

-Krch 1.f (42) 
Rrch 1 f(k) = . Os 1 f(k) b11 

-Kadp_lf (43) 
Radp 1 f(k) = b1 if 2. OS 1 f(i) 

Rdamp 1 f(k) = -Kdamp 1.f. { Liftin(k) - Liftin(k - 1)} (44) 

OS 1 f(k) = e 1 f(k) + POLE 1.f. e 1 f(k - 1) (45) 

e 1 f(k) = Liftin(k) - Liftin cmd f(k - 1) (46) 

0157. In the control algorithms described above, first, the 
filtered value Liftin cmd f of the target valve lift is calcu 
lated with a first-order lag filter algorithm shown in the 
equation (38). In the equation (38), POLE f lf represents a 
target value filter-setting parameter, and is set to a value 
which satisfies the relationship of -1.<POLE f lf-0. 
0158 Next, with the sliding mode control algorithm 
expressed by the equations (39) to (46), the follow-up 
control input Rsld lf for the valve lift control is calculated. 
More specifically, as shown in the equation (39), the follow 
up control input Rsld lf for the valve lift control is calcu 
lated as the total sum of the equivalent input Req lf, the 
reaching law input Rrch lf, the adaptive low input Radp_lf. 
and the damping input Rdamp lif. 
0159. The equivalent input Req lf is calculated by the 
equation (40). In the equation (40), all lif, a2 lf, b1 lf, and 
b2 lf represents model parameters of a model, referred to 
hereinafter, and these parameters are set to respective pre 
determined values. Further, in the equation (40), POLE. lf 
represents a Switching function-setting parameter, and is set 
to a value which satisfies the relationship of 
-1<POLE f lif-POLE. lf<0. Further, Rsld lf in the equa 
tion (40) represents the immediately preceding equivalent 
value of the follow-up control input calculated by the 
equation (41). In the equation (41), r2 lfrepresents a limited 
value calculated by the limiter 206 as described hereinbelow, 
while Uliftin oft adp represents an offset value calculated 
by the adaptive offset value-calculating section 204 set as 
described hereinbelow. 

0160 Further, the reaching law input Rrch lf is calcu 
lated by the equation (42). In this equation (42), Krch lif 
represents a predetermined reaching law gain, and as lif 
represents a Switching function defined by the equation (45). 
The symbol e lf in the equation (45) represents a difference 
as defined by the equation (46). 
0161 Further, the adaptive law input Radp. lf is calcu 
lated by the equation (43). In this equation (43), Kadp lif 
represents a predetermined adaptive law gain, while the 
damping input Rdamp lf is calculated by the equation (44). 
The symbol Kdamp lf in the equation (44) represents a 
predetermined damping gain. 

11 
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0162. It should be noted that the above equations (38) to 
(46) are derived as follows: When the controlled object is 
defined as a system to which is input the follow-up control 
input Rsld lf for the valve lift control, as the control input, 
to thereby control the valve lift Liftin as a controlled 
variable, and the system is modeled into a discrete-time 
system model, the following equation (47) is obtained. 

Liftin(k + 1) = a1 1.f. Liftin(k) + a2 1.f. Liftin(k - 1) + (47) 

b1 1.f. Rsld 1 f(k) + b2 1.f. Rsld 1 f(k - 1) 

0.163 To the controlled object modeled as described 
above, the target filter-type two-degree-of-freedom sliding 
mode control theory is applied such that the valve lift Liftin 
follows the target valve lift Liftin cmd, and at the same 
time, for the same reason as the above-described reason for 
using the immediately preceding equivalent value Rsld', the 
immediately preceding value Rsld lif(k-1) of the follow-up 
control input on the right side of the equation of the 
equivalent input Req lf is replaced by the immediately 
preceding equivalent value Rsld lif(k-1) of the above-men 
tioned follow-up control input, whereby the aforementioned 
equations (38) to (46) are derived. 
0164) Next, a description will be given of the DSM 
controller 203. The DSM controller 203 calculates the lift 
control input Uliftin based on the follow-up control input 
Rsld lif, as described hereafter. Referring to FIG. 11, the 
DSM controller 203 is comprised of an adaptive offset 
value-calculating section 204, a subtractor 205, a limiter 
206, five oversamplers 207, 209, 210, 212, and 215, a first 
modulation section 208, a second modulation section 211, a 
state determination section 213, a modulated value-selecting 
section 214, and an adder 216. It should be noted that in the 
present embodiment, the DSM controller 203 corresponds to 
the control input-calculating means. 
0.165. The adaptive offset value-calculating section 204 
calculates the adaptive offset value Uliftin oft adp based on 
the follow-up control input Rsld lf with an algorithm 
described hereinafter. 

0166 First, an unprocessed value Uliftin oft adp' of the 
adaptive offset value is calculated with a rate-limiting pro 
cess algorithm expressed by the following equations (48) to 
(52): 

Uliftin oft adp'(k)=Uliftin oft adp(k-1)+Duliftin 
mod(k) (48) 

0167 WHEN Eps lif:Duliftin(k), 
Duliftin Mod(k)=Eps lif (49) 

0168 WHEN -Eps if(k)<Duliftin(k)<Eps lf, 
Duliftin mod(k)=Duliftin(k) (50) 

0169 WHEN Duliftin(k)s-Eps f, 
Duliftin mod(k)=-Eps. If (51) 

Duliftin(k)=Rsld lifik)-Uliftin oft adp(k-1) (52) 

0170 In the equation (48), Duliftin mod represents an 
amount of change in the unprocessed value Uliftin oft adp', 
and as shown in the equations (49) to (52), is calculated by 
subjecting the difference Duliftin between the present value 
of the follow-up control input Rsld lf and the immediately 
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preceding value of the adaptive offset value Uliftin oft adp 
to a limiting process using Eps. lf as an upper limit value and 
-Eps. lf as a lower limit value. It should be noted that the 
value Eps. lf is set to a predetermined positive value. 
0171 Next, the adaptive offset value Uliftin oft adp is 
calculated by subjecting the unprocessed value Ulifti 
n oft adp' thus calculated to a limiting process shown in the 
following equations (53) to (56): 

Uliftin oft adp(k)=Lim(Uliftin oft adp'(k)) (53) 

0172 WHEN Uliftin of maxs Uliftin of adp'(k), 
Lim (Uliftin oft adp'(k))=Uliftin oft max (54) 

0173 WHEN 
Uliftin oft min-Uliftin oft adp'(k)<Uliftin oft max, 
Lim (Uliftin oft adp'(k))=Uliftin oft adp'(k) (55) 

0.174 WHEN Uliftin of adp'(k)s Uliftin of min, 
Lim (Uliftin oft adp'(k))=Uliftin oft min (56) 

0175. In the equation (53), Lim(Uliftin oft adp") repre 
sents a limiting function, and the value thereof is defined as 
in the equations (54) to (56). Further, Uliftin oft max in the 
equation (54) represents a predetermined upper limit value, 
and Uliftin oft min in the equation (56) represents a pre 
determined lower limit value. As described above, the 
adaptive offset value Uliftin oft adp is calculated by sub 
jecting the unprocessed value Uliftin oft adp' to the limit 
ing process. Therefore, the adaptive offset value Ulifti 
n oft adip is calculated as a value which gently follows a 
change in the follow-up control input Rsld lf, and exceeds 
neither the upper limit value Uliftin oft max nor the lower 
limit value Uliftin oft min. 

0176). Further, the subtractor 205 calculates the reference 
input r1 lf as the difference between the follow-up control 
input Rsld lf and the adaptive offset value Uliftin oft adp, 
as shown in the equation (57). It should be noted that in the 
present embodiment, the reference input r1 lf corresponds 
to one input component, and the adaptive offset value 
Uliftin oft adp to an input component other than the one 
input component. 

r1 if(k)=Rsld ifk)-Uliftin oft adp(k) (57) 

0177. Then, the limiter 206 calculates the limited value 
r2 lf by Subjecting the reference input r1 lf to a limiting 
process as shown in the following equations (58) to (61): 

r2 if(k)=Lim(r1 if(k)) (58) 

0.178 WHEN r1 lf maxsr1 f(k), 
Lim (r1 ifk))=r1 if max (59) 

0179 WHEN r1 lf minkr1 f(k)<r1 lf max, 
Lim (r1 ifk))=r 1 ifk) (60) 

0180 WHEN r1 f(k)sr1. If min, 
Lim (r1 ifk))=r1 if min (61) 

0181. In the equation (58), Lim(r1 lf) represents a lim 
iting function, and the value thereof is defined as shown in 
equations (59) to (61). The symbol r1 lf max in the equa 
tion (59) represents a predetermined upper limit value, and 
r1 lf min in the equation (61) represents a predetermined 
lower limit value. 

Nov.30, 2006 

0182 Further, the oversampler 207 calculates the over 
sampled value r2 lf(n1) of the limited value r2 lf by over 
sampling the limited value r2 lf at a predetermined control 
period AT1. 
0183. Further, the first modulation section 208 calculates 
the first modulated value u1 lf by modulating the over 
sampled value r2 lif(n1) of the limited value with a modu 
lation algorithm which is based on the AX modulation 
algorithm and expressed by the following equations (62) to 
(66): 

0186. As shown in the equation (62), the difference 81 lif 
is calculated as the difference between the present value of 
the oversampled value r2 lf of the limited value and the 
immediately preceding value of the first modulated value 
u1 lf. Further, in the equation (63), O1. lf represents an 
integral value of the difference 81 lf. Further, in the equa 
tion (64), fin1(O1 lf) represents a nonlinear function whose 
value is defined as in the equations (65) and (66) (it may be 
defined that when O1 lf-0, fn1(O1 lf)=0 holds.) 
0187 Further, R1 lf in the equations (65) and (66) is set 
to Such a predetermined positive value as will always satisfy 
the relationship of R1 f> r2 lf, and make the amplitude 
2R1. lf of the first modulated value ullf Smaller than a 
range between the maximum value and the minimum value 
which the follow-up control input Rsld lifican assume during 
the control. It should be noted that the value R1 lf may be 
calculated by searching a table or a map according to 
operating conditions of the engine 3. AS is clear from the 
equations (62) to (66), the first modulated value u1 lf is 
calculated as a value which is repeatedly inverted between 
a predetermined value -R1. lf and a predetermined value 
R1 lf. 

0188 Next, the oversampler 209 calculates an over 
sampled value u1 lif(m) of the first modulated value by 
oversampling the first modulated value u1 lf at the prede 
termined control period ATu. 
0189 On the other hand, the oversampler 210 calculates 
an oversampled value r2 lf(n2) of the limited r2 lf value by 
oversampling the limited value r2 lf at the predetermined 
control period AT2. 
0190. Further, the second modulation section 211 calcu 
lates the second modulated value u2 lf by modulating the 
oversampled value r2 f(n2) of the limited value with a 
modulation algorithm which is based on the A modulation 
algorithm and expressed by the following equations (67) to 
(71): 

0191 WHEN O2 lif(n2)20, 
fin1(o2 if n2))=R2 if (70) 
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0.192 WHEN O2 f(n2)<0, 

0193 As shown in the equation (67), the difference 62 lif 
is calculated as the difference between the present value of 
the oversampled value r2 lf of the limited value and the 
immediately preceding value of the second modulated value 
u2 lf. Further, in the equation (68), O2 lf represents an 
integral value of the difference 82 lf. Also, in the equation 
(69), fin1 (O2 lf) is a nonlinear function whose value is 
defined as in the equations (70) and (71) (it may be defined 
that when O2 lf-0, finil (O2 lf)=0 holds). 
0194 Further, R2 lf in the equations (70) and (71) is set 
to Such a predetermined positive value as will always satisfy 
the relationship of R2 f> r2 lf during the control and make 
the amplitude 2: R2 lf of the second modulated value u2 lif 
Smaller than a range between the maximum value and the 
minimum value which the follow-up control value Rsld lif 
can assume during the control. It should be noted that the 
value R2. lf may be calculated by searching a table or a map 
according to operating conditions of the engine 3. AS is clear 
from the equations (67) to (71), the second modulated value 
u2. lf is calculated as a value which is repeatedly inverted 
between a predetermined value -R2 lf and a predetermined 
value R2 lf. 

0.195 Next, the oversampler 212 calculates an over 
sampled value u2 f(m) by oversampling the second modu 
lated value u2 lf at the predetermined control period ATu. 
0196. Further, the state determination section 213 sets a 
modulated value selection flag F DSMFRO LF to 1 or 0 by 
searching a map (see FIG.22) according to the engine speed 
NE and the valve lift Liftin. 

0.197 Next, the modulated value-selecting section 214 
calculates the modulated value u lf by the following equa 
tions (72) and (73) according to the modulated value selec 
tion flag F DSMFRO LF set by the state determination 
section 213. That is, one of the first modulated value u1 lif 
and the second modulated value u2 lf is selected as the 
modulated value ulf. 

0198 WHEN F. DSMFRQ-1, 
it f(n)=ut 1 if(m) (72) 

0199 WHEN F. DSMFRQ=0, 
it f(n)=t2 f(m) (73) 

0200. On the other hand, the oversampler 215 calculates 
an oversampled value Uliftin oft adp(m) of the adaptive 
offset value by oversampling the adaptive offset value Ulif 
tin oft adp calculated by the adaptive offset value-calculat 
ing section 204 at the predetermined control period ATu. 
0201 Next, the adder 216 calculates the lift control input 
Uliftin by the following equation (74): 

Uliftin(m)=u if m)+Uliftin oft adp(m) (74) 

0202 Hereinafter, a process for controlling the camphase 
Cain and the valve lift Liftin, which is executed by the ECU 
2, will be described with reference to FIG. 12. This process 
calculates the phase control input Ucain and the lift control 
input Uliftin, and is executed at the predetermined control 
period ATu (e.g. 1 mSec). 
0203 As shown in FIG. 12, first, in a step 1 (shown as 
S1 in abbreviated form in FIG. 12; the following steps are 
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also shown in abbreviated form), it is determined whether or 
not an intake valve mechanism failure flag F. VLVNG is 
equal to 1. The intake valve mechanism failure flag 
F VLVNG is set to 1 when the variable intake valve 
actuating mechanism 40 is faulty, and to 0 when the same is 
normal. 

0204 If the answer to the question of the step 1 is 
negative (NO), i.e. if the variable intake valve actuating 
mechanism 40 is normal, the process proceeds to a step 2. 
wherein a counter value CT is incremented by 1. 

0205 Then, in a step 3, the phase control input Ucain is 
calculated, and then in a step 4, the lift control input Uliftin 
is calculated, followed by terminating the present process. 
The processes for calculation of these inputs will be 
described hereinafter. 

0206. On the other hand, if the answer to the question of 
the step 1 is affirmative (YES), i.e. if the variable intake 
valve actuating mechanism 40 is faulty, in steps 5 and 6, the 
phase control input Ucain and the lift control input Uliftin 
are both set to 0. This causes the cam phase Cain to be held 
at a predetermined locked value, and the valve lift Liftin is 
held at the minimum value Liftinmin. As a result, a prede 
termined failure-time value is secured as the intake air 
amount, which makes it possible to properly execute idling 
operation and starting of the engine during stoppage of the 
vehicle, and maintain low-speed traveling during the trav 
eling of the vehicle. The present process is terminated 
thereafter. 

0207 Next, the process for calculating the phase control 
input Ucain in the aforementioned step 3 will be described 
with reference to FIGS. 13 and 14. This process is also 
executed at the predetermined control period ATu. 

0208. In this process, first, in a step 10, it is determined 
whether or not the counter value CT is equal to 8. If the 
answer to this question is negative (NO), i.e. if CTz8 holds, 
the process proceeds to a step 18 in FIG. 14, whereas if the 
answer to the question is affirmative (YES), i.e. if CT=8 
holds, the process proceeds to a step 11, wherein the counter 
value CT is reset to 0. 

0209 Then, the process proceeds to a step 12, wherein it 
is determined whether or not an engine start flag F ENG 
START is equal to 1. The engine start flag F ENGSTART is 
set by determining, according to the engine speed NE and 
the output status of the IG-SW 28, whether or not the engine 
is being started, i.e. during cranking. More specifically, the 
engine start flag F ENGSTART is set to 1 during engine 
start control and otherwise to 0. 

0210. If the answer to the question of the step 12 is 
affirmative (YES), i.e. if the engine is under the engine start 
control, the process proceeds to a step 13, wherein the target 
cam phase Cain cmd is set to a predetermined start value 
Cain cmd. St. 

0211. On the other hand, if the answer to the question of 
the step 12 is negative (NO), i.e. if the engine 3 has already 
been started, the process proceeds to a step 14, wherein the 
target camphase Cain cmd is calculated by searching a map 
shown in FIG. 15 according to the engine speed NE and the 
accelerator pedal opening AP. In FIG. 15, AP1 to AP3 
indicate predetermined values of the accelerator pedal open 
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ing AP which satisfy the relationship of AP1-AP2<AP3. 
This also holds in the following description. 
0212. In this map, the target cam phase Cain cmd is set 
to a more advanced value when the accelerator pedal open 
ing AP is Smaller and the engine is in a medium engine speed 
region than otherwise. This is because in Such an operating 
condition of the engine 3, it is necessary to increase the 
internal EGR rate to thereby reduce the pumping loss. 
0213 Next, in a step 15, the follow-up control input Rsld 

is calculated by the aforementioned equations (1) to (9), and 
the calculated value is stored in the RAM. Thereafter, the 
process proceeds to a step 16, wherein the adaptive offset 
value Ucain oft adip is calculated by the aforementioned 
equations (11) to (19), and the calculated value is stored in 
the RAM. 

0214) Then, in a step 17, the limited value r2 is calculated 
by the aforementioned equations (20) to (24), and the 
calculated value is stored in the RAM. The above steps 15 
to 17 are executed when CT=8 holds, and hence is executed 
at a control period of 8 ATu (=ATk). 
0215. In a step 18 in FIG. 14 following the step 10 or the 
step 17, it is determined whether or not the counter value CT 
is a multiple of 2 (i.e. any of 0, 2, 4, 6, . . . ). If the answer 
to this questions is negative (NO), the process proceeds to a 
step 23, referred to hereinafter. 
0216. On the other hand, if the answer to the question of 
the step 18 is affirmative (YES), i.e. if the counter value CT 
is a multiple of 2, the process proceeds to a step 19, wherein 
the limited value r2 stored in the RAM is sampled. This step 
19 is executed when the counter value CT is a multiple of 2. 
and hence is executed at a period of 2: ATu (=AT2) shorter 
than the period of 8 ATu at which the step 17 is executed. 
Therefore, this corresponds to the oversampling of the 
limited value r2 to calculate the oversampled value r2(n2). 
0217. Then, in a step 20, the second modulated value u2 

is calculated by the aforementioned equations (30) to (34). 
0218. The process proceed to a step 21, wherein it is 
determined whether or not the counter value CT is a multiple 
of 4 (i.e. any of 0, 4, 8, . . . ). If the answer to this question 
is negative (NO), the process proceeds to a step 23, referred 
to hereinafter. 

0219. On the other hand, if the answer to the question of 
the step 21 is affirmative (YES), i.e. if the counter value CT 
is a multiple of 4, the process proceeds to a step 22, wherein 
the first modulated value u1 is calculated by the aforemen 
tioned equations (25) to (29). This step 22 is executed when 
the counter value CT is a multiple of 4, and hence is 
executed at a period of 4'ATu(=AT1) shorter than the opera 
tion period or repetition period of 8*ATu at which the step 17 
is executed. Therefore, this corresponds to the calculation of 
the first modulated value u1 using the oversampled value 
r2(n1). 
0220. In a step 23 following the step 18, 21, or 22, a 
modulated value selection flag F DSMFRO is set to 1 or 0 
by searching a map according to the engine speed NE, the 
valve lift Liftin, and the cam phase Cain, as described 
hereinafter. 

0221) In this case, as maps for use in the above steps, 
there are provided a map for Cain=Cainad shown in FIG. 
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16, a map for Cain=Cainmi (value corresponding to Cainad/ 
2) shown in FIG. 17, a map for Cain=Cainrt shown in FIG. 
18, and a multiplicity of maps (not shown), set in association 
with multiplicity of values of the cam phase Cain to be 
assumed when the cam phase Cain is between Cainad and 
Cainmi and between Cainmi and Cainrt. The modulated 
value selection flag F DSMFRO is set to 1 or 0 by searching 
one of the maps which is set for a value of the cam phase 
Cain which is closet to the value actually assumed at the 
time point. 
0222 Referring to FIG. 16, the map for Cain=Cainad 
shown therein is configured such that F DSMFRO=0 holds, 
in all regions irrespective of the values of the engine speed 
NE and the valve lift Liftin. This is for the following reason: 
The valve overlap becomes larger when Cain=Cainad holds 
than otherwise, and hence the internal EGR rate becomes 
higher, which increases the combustion variation, causing an 
increase in the rotational variation of the engine 3. As a 
result, the sensitivity of the cam phase Cain to the high 
frequency components of the phase control input Ucain 
becomes higher, and hence if the repetition period at which 
the modulated value u is calculated, i.e. the repetition period 
at which the phase control input Ucain is calculated is long, 
the inverting State of the phase control input Ucain is 
reflected in the cam phase Cain in a noise-like fashion. 
Therefore, the map is configured such that when Cain= 
Cainad, F. DSMFRO=0 holds in all regions, so as to avoid 
Such an inconvenience, by calculating the phase control 
input Ucain at the shorter repetition period AT2, and thereby 
enhance the control resolution and control accuracy. 
0223). Further, referring to FIG. 17, the map for Cain= 
Cainmi shown therein is configured such that when the 
engine speed NE is in a low speed region, or when the valve 
lift Liftin is in a low lift region, F DSMFRQ=1 holds, 
whereas when then engine speed NE is in a high speed 
region and the valve lift Liftin is in a high lift region, 
F DSMFRO=0 holds. This is for the following reason: The 
valve overlap becomes smaller when Cain=Cainmi (=Cai 
nad/2) holds than when Cain=Cainad holds, and hence the 
internal EGR rate decreases, which decreases the combus 
tion variation, thereby preventing the occurrence of the 
rotational variation of the engine 3. As a consequence, the 
sensitivity of the cam phase Cain to the phase control input 
Ucain becomes lower, and hence even when the phase 
control input Ucain is calculated at a longer repetition 
period, the inverting state of the phase control input Ucain 
ceases to be reflected in the cam phase Cain in a noise-like 
fashion. Further, in the low engine speed region, for the 
reason stated hereinabove, the nonlinearities of the variable 
cam phase mechanism 70. Such as hysteresis and dead time 
becomes stronger, and for the above-described reason 
ascribable to the method of calculation of the cam phase 
Cain, the control resolution becomes lower. 

0224. Therefore, the map is configured such that 
F DSMFRO=1 holds in the low engine speed region, to 
enhance the controllability by calculating the modulated 
value u in the phase control input Ucain at the longer 
repetition period AT1, depending on the strength of the 
nonlinearity of the variable cam phase mechanism 70 and 
the lowness of the cam phase control. Further, the map is 
configured such that when the valve lift Liftin is in the low 
lift region, F DSMFRO=1 holds, even if the engine 3 is in 
the high engine speed region, since the sensitivity of the cam 
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phase Cain to the phase control input Ucain becomes low 
due to a decrease in the cam reaction force. 

0225. On the other hand, when the engine 3 is in the high 
value lift region, the cam reaction force becomes larger, so 
that the sensitivity of the cam phase Cain to the phase 
control input Ucain becomes higher than when the engine 3 
is in the low valve lift region, and hence the map is 
configured such that F DSMFRO=0 holds in the high valve 
lift region. 

0226 Further, referring to FIG. 18, the map for Cain= 
Cainrt shown therein is configured such that the value of the 
modulated value selection flag F DSMFRO is set to have 
the same tendency as the map for Cain=Cainmi described 
hereinabove with reference to FIG. 17 has, and F DSM 
FRO=0 holds in a broader region than in the map for 
Cain=Cainmi. This is because when Cain=Cainrt holds, the 
region in which the engine torque is large becomes broader, 
and the region in which the sensitivity of the cam phase Cain 
to the phase control input Ucain becomes high becomes 
broader, than when Cain=Cainmi holds. 

0227. In a step 24 following the step 23, it is determined 
whether or not the modulated value selection flag F DSM 
FRO set in the step 23 is equal to 1. If the answer to this 
question is affirmative (YES), i.e. if F DSMFRQ=1 holds, 
the process proceeds to a step 25, wherein the first modu 
lated value u1 stored in the RAM is sampled. The step 25 is 
executed at the operation period or repetition period of ATu 
shorter than the repetition period of 4'ATu(=AT1) at which 
the first modulated value u1 is calculated. Therefore, this 
corresponds to the oversampling of the first modulated value 
u1 to calculate the oversampled value u1 (m) thereof. 

0228. Then, the process proceeds to a step 26, wherein 
the modulated value u is set to the first modulated value u1 
sampled in the step 25. 

0229. On the other hand, if the answer to the question of 
the step 24 is negative (NO), i.e. if F DSMFRQ=0 holds, the 
process proceeds to a step 27, wherein the second modulated 
value u2 stored in the RAM is sampled. The step 27 is 
executed at the operation period or repetition period of ATu 
shorter than the repetition period of 2-ATu(=AT2) at which 
the second modulated value u2 is calculated. Therefore, this 
corresponds to the oversampling of the second modulated 
value u2 to calculate the oversampled value u2(m) thereof. 

0230. Then, the process proceeds to a step 28, wherein 
the modulated value u is set to the second modulated value 
u2 sampled in the step 27. 

0231. In a step 29 following the step 26 or the step 28, the 
adaptive offset value Ucain oft adp stored in the RAM is 
sampled. The step 29 is executed at the operation period or 
repetition period of ATu shorter than the repetition period of 
8. ATu(=ATk) at which the adaptive offset value Ucain 
oft adp is calculated in the step 16. Therefore, this corre 

sponds to the oversampling of the adaptive offset value 
Ucain oft adp, to calculate the oversampled value Ucain 
oft adp(m) thereof. 

0232 Then, in a step 30, the phase control input Ucain is 
set to the sum of the modulated value u thus calculated and 
the adaptive offset value Ucain oft adp, followed by termi 
nating the process. 
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0233. Next, a process for calculating the lift control input 
Uliftin in the aforementioned step 4 is described with 
reference to FIGS. 19 and 20. This process is also executed 
at the predetermined control period ATu. 
0234. In this process, first, in a step 40, it is determined 
whether or not the counter value CT is equal to 8. If the 
answer to this question is negative (NO), i.e. if CTz8 holds, 
the process proceeds to a step 48 in FIG. 20. On the other 
hand, if the answer to the question of the step 40 is 
affirmative (YES), i.e. if CT=8 holds, the process proceeds 
to a step 41, wherein the counter value CT is reset to 0. 
0235. Then, the process proceeds to a step 42, wherein it 

is determined whether or not an engine start flag F ENG 
START is equal to 1. If the answer to the question of the step 
42 is affirmative (YES), i.e. if the engine is under the engine 
start control, the process proceeds to a step 43, wherein the 
target valve lift Liftin cmd is set to a predetermined start 
value Liftin cmd St. 

0236. On the other hand, if the answer to the question of 
the step 42 is negative (NO), i.e. if the engine 3 has already 
been started, the process proceeds to a step 44, wherein the 
target valve lift Uliftin cmd is calculated by searching a map 
shown in FIG. 21 according to the engine speed NE and the 
accelerator pedal opening AP 
0237. In this map, the target valve lift Liftin cmd is set to 
a larger value as the engine speed NE is higher, or as the 
accelerator pedal opening AP is larger. This is because as the 
engine speed NE is higher, or as the accelerator pedal 
opening AP is larger, an output required of the engine 3 is 
larger, and hence a larger intake air amount is required. 
0238 Next, in a step 45, the follow-up control input 
Rsld lf is calculated by the aforementioned equations (38) 
to (46), and the calculated value is stored in the RAM. 
Thereafter, the process proceeds to a step 46, wherein the 
adaptive offset value Uliftin oft adp is calculated by the 
aforementioned equations (48) to (56), and the calculated 
value is stored in the RAM. 

0239). Then, in a step 47, the limited value r2 lf is 
calculated by the aforementioned equations (57) to (61), and 
the calculated value is stored in the RAM. The above steps 
45 to 47 are executed when CT=8 holds, and hence is 
executed at the control period of 8*ATu(=ATk). 
0240. In a step 48 in FIG. 20 following the step 40 or the 
step 47, it is determined whether or not the counter value CT 
is a multiple of 2. If the answer to this questions is negative 
(NO), the process proceeds to a step 53, referred to herein 
after. 

0241. On the other hand, if the answer to the question of 
the step 48 is affirmative (YES), i.e. if the counter value CT 
is a multiple of 2, the process proceeds to a step 49, wherein 
the limited value r2 lf stored in the RAM is sampled. This 
step 49 is executed when the counter value CT is a multiple 
of 2, and hence is executed at the operation period or 
repetition period of 2: ATu(=AT2) shorter than the operation 
period of 8 ATu at which the step 47 is executed. Therefore, 
this corresponds to the oversampling of the limited value 
r2. lf to calculate the oversampled value r2 f(n2) thereof. 
0242. Then, in a step 50, the second modulated value 
u2 lf is calculated by the aforementioned equations (67) to 
(71). 



US 2006/026631.6 A1 

0243 Next, the process proceed to a step 51, wherein it 
is determined whether or not the counter value CT is a 
multiple of 4. If the answer to this question is negative (NO), 
the process proceeds to a step 53, referred to hereinafter. 
0244. On the other hand, if the answer to the question of 
the step 51 is affirmative (YES), i.e. if the counter value CT 
is a multiple of 4, the process proceeds to a step 52, wherein 
the first modulated value u1 lf is calculated by the afore 
mentioned equations (62) to (66). This step 52 is executed 
when the counter value CT is a multiple of 4, and hence is 
executed at the operation period of 4 ATu(=AT1) shorter 
than the operation period of 8 ATu at which the step 47 is 
executed. Therefore, this corresponds to the calculation of 
the first modulated value u1 lf using the oversampled value 
r2 lf(n1) of the limited value r2 lf. 
0245. In a step 53 following the step 48, the step 51, or 
the step 52, a modulated value selection flag F DSM 
FRO LF is set to 1 or 0 by searching a map shown in FIG. 
22 according to the engine speed NE and the valve lift Liftin, 
as described hereinafter. 

0246 This map is configured such that when the engine 
speed NE is in a low speed region, or when the valve lift 
Liftin is in a low lift region, F DSMFRQ LF=0 holds, 
whereas when then engine speed NE is in a high speed 
region and the valve lift Liftin is in a high lift region, 
F DSMFRO LF=1 holds. This is for the following reasons: 
0247 As described hereinbefore, when the intake cam 
shaft 5 rotates, the amplitude of disturbance received by the 
motor 61 due to the cam reaction force is larger in a low 
engine speed region in which the frequency of the cam 
reaction force is lower than in a medium-to-high engine 
speed region, and varies with the change in the angle of the 
lower link 54, and particularly, when the lower link 54 is in 
the minimum lift position i.e. when Liftin=Liftinmin holds, 
the amplitude of disturbance becomes largest. Thus, when 
the motor 61 is vibrating with a large amplitude, if the 
inverting frequency of the lift control input Uliftin assumes 
a value close to the frequency of the vibration of the motor 
61, the motor 61 undergoes resonance, lowering the con 
trollability of the valve lift control. Therefore, the map is 
configured Such that in the low engine speed region or in the 
low valve lift region, F DSMFRO LF=0 holds, so as to 
avoid such a resonance by calculating the lift control input 
Uliftin at the shorter repetition period AT2. On the other 
hand, in the high engine speed and high valve lift region, no 
Such a problem described above occurs, and hence the map 
is configured such that in such a region, F. DSMFRO LF=1 
holds. 

0248. In a step 54 following the step 53, the modulated 
value selection flag F DSMFRQ LF set in the step 53 is 
equal to 1. If the answer to this question is affirmative 
(YES), i.e. if F DSMFRQ LF=1 holds, the process pro 
ceeds to a step 55, wherein the first modulated value u1 lif 
stored in the RAM is sampled. The step 55 is executed at the 
operation period or repetition period of ATu shorter than the 
repetition period of 4'ATu(=AT1) at which the first modu 
lated value u1 lf is calculated. Therefore, this corresponds 
to the oversampling of the first modulated value u1 lf to 
calculate the oversampled value u1 lif(m) thereof. 
0249. Then, the process proceeds to a step 56, wherein 
the modulated value u1 lf is set to the first modulated value 
u1. lf sampled in the step 55. 
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0250 On the other hand, if the answer to the question of 
the step 54 is negative (NO), i.e. if F DSMFRQ LF=0 
holds, the process proceeds to a step 57, wherein the second 
modulated value u2 lf stored in the RAM is sampled. The 
step 57 is executed at the repetition period of ATu shorter 
than the repetition period of 2: ATu(=AT2) at which the 
second modulated value u2 lf is calculated. Therefore, this 
corresponds to the oversampling of the second modulated 
value u2 lf to calculate the oversampled value u2 f(m) 
thereof. 

0251 Then, the process proceeds to a step 58, wherein 
the modulated value ulf is set to the second modulated 
value u2. lf sampled in the step 57. 
0252) In a step 59 following the step 56 or 58, the 
adaptive offset value Uliftin oft adp stored in the RAM is 
sampled. The step 59 is executed at the operation period or 
repetition period of ATu shorter than the repetition period of 
8. ATu(=ATk) at which the adaptive offset value Ulifti 
n oft adip is calculated. Therefore, this corresponds to the 
oversampling of the adaptive offset value Uliftin oft adp to 
calculate the oversampled value Uliftin oft adp(m) thereof. 
0253) Then, in a step 60, the lift control input Uliftin is set 
to the sum of the modulated value ulf thus calculated and 
the adaptive offset value Uliftin of adp, followed by ter 
minating the process. 

0254 Next, a description will be given of results of a 
simulation of the control of the cam phase Cain (hereinafter 
referred to as “the control results'), executed by the control 
apparatus 1 according to the present embodiment. First, 
FIG. 23 shows an example of the control results obtained by 
the control apparatus according to the present embodiment. 
Particularly between time t1 to time t2, there are illustrated 
control results obtained in a region where the high-fre 
quency sensitivity of the cam phase Cain is high, i.e. in a 
high engine speed region, a high load region, or an operating 
region in which the EGR rate is high, and after the time t2. 
there are illustrated control results obtained in a region 
where the resolution of the camphase control is low, and the 
nonlinearity of the variable cam phase mechanism 70 is 
high, i.e. in a low engine speed region. 

0255) Further, FIGS. 24 and 25 shows control results of 
a comparative example of the control executed by calculat 
ing the modulated value u of the phase control input Ucain 
while holding the repetition period at respective predeter 
mined control periods AT1 and AT2, without changing the 
same. In these figures as well, between time t11 to time t12, 
and time t21 to time t22, there are illustrated control results 
obtained when the engine 3 is in a region where the 
high-frequency sensitivity of the cam phase Cain is high, 
and after the time t12 and the time t22, there are illustrated 
control results obtained when the engine is in a region where 
the resolution of the cam phase control is low, and the 
nonlinearity of the variable cam phase mechanism 70 is 
high. It should be noted that the control results shown in the 
three figures are obtained when the adaptive offset value 
Ucain oft adp is held at a fixed value for ease of under 
Standing. 

0256 First, comparison is made between the control 
results shown in FIG. 24 and those shown in FIG. 25, when 
the engine is in the region where the high-frequency sensi 
tivity of the cam phase Cain is high after the start of the 
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control (time t11 to time t12 and time t21 to time t22), the 
degree of deviation of the cam phase Cain from the target 
cam phase Cain cmd is larger in the FIG. 24 comparative 
example than in the FIG. 25 comparative example, which 
means that the control accuracy is lower. This is because in 
the case of the FIG. 24 comparative example, the repetition 
period AT1 (i.e. the repetition period of the modulated value 
u) is longer than the repetition period AT2 at which the same 
is calculated in the FIG. 25 comparative example, and hence 
the inverting behavior of the phase control input Ucain is 
reflected in the camphase Cain in a noise-like fashion. Form 
the above, it is known that in a region where the high 
frequency sensitivity of the cam phase Cain is high, by 
setting the repetition period at which the phase control input 
Ucain is calculated to the shorter value AT2, the control 
resolution and the control accuracy are enhanced. 
0257. On the other hand, in a region where the control 
resolution of the variable cam phase mechanism 70 is low, 
and the nonlinearity of the same is strong (after the time 
point t12 and the time t22), it is known that the deviation of 
the cam phase Cain from the target cam phase Cain cmd is 
larger, and hence the control accuracy is lower in the FIG. 
25 comparative example than in the FIG. 24 comparative 
example. This is because in the case of the FIG. 25 
comparative example, in spite of the engine 3 being in a 
region where the variable cam phase mechanism 70 is low 
in control resolution and strong in nonlinearity, the phase 
control input Ucain is calculated at the shorter repetition 
period AT2 than in the case of the FIG. 24 comparative 
example, and hence the low control resolution and the strong 
linearity places the control system in an unstable state. From 
the above, it is understood that when the engine 3 is in a 
region where the variable cam phase mechanism 70 is low 
in control resolution and strong in nonlinearity, by setting 
the repetition period at which the phase control input Ucain 
is calculated to the longer value AT1, the control resolution 
and the control accuracy are enhanced. 
0258. In contrast, according to the control results shown 
in FIG. 23 which are obtained by the control apparatus 1 
according to the present embodiment, it is known that when 
the engine 3 is in a region where the high-frequency sensi 
tivity of the cam phase Cain is high, the second modulated 
value u2 calculated at the shorter repetition period AT2 is 
selected as the modulated value u, and when the engine 3 is 
in a region where the variable cam phase mechanism 70 is 
low in control resolution and strong in nonlinearity, the first 
modulated value u1 calculated at the longer repetition period 
AT1 is selected as the modulated value u, whereby in both 
the regions, the control resolution and the control accuracy 
can be maintained at respective high levels. 
0259. As described above, according to the control appa 
ratus 1 of the present embodiment, the cam phase controller 
100 selects, as the modulated value u, the first modulated 
value u1 calculated at the longer repetition period AT1 when 
the modulated value selection flag F DSMFRO=1 holds, 
and the second modulated value u2 calculated at the shorter 
repetition period AT2, when F DSMFRO=0 holds, and 
calculates the phase control input Ucain based on the 
selected modulated value u. Further, the value of the modu 
lated value selection flag F DSMFRO is set in the afore 
mentioned maps such that F DSMFRO=0 holds in the 
region where the high-frequency sensitivity of the cam 
phase Cain is high, and F DSMFRO=1 hoods in the region 
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where the resolution of the cam phase control is low and the 
nonlinearity of the variable cam phase mechanism 70 is 
Strong. 

0260 Therefore, in the region where the high-frequency 
sensitivity of the cam phase Cain is high, the phase control 
input Ucain is calculated at the shorter repetition period 
AT2, and hence, it is possible to eliminate the inconvenience 
occurring when the phase control input Ucain is calculated 
at the longer repetition period in Such a region, i.e. the 
inconvenience of the inverting state of the phase control 
input Ucain being reflected in the cam phase Cain in a 
noise-like fashion, whereby it is possible to maintain the 
control resolution and the control accuracy at respective 
high levels. On the other hand, in the region where the 
resolution of the cam phase control is low, and the nonlin 
earity of the variable camphase mechanism 70 is strong, the 
phase control input Ucain is calculated at the longer repeti 
tion period AT1, and hence it is possible to eliminate the 
inconvenience occurring when the phase control input is 
calculated at the shorter repetition period AT2 Ucain in such 
a region, i.e. the inconvenience of the control resolution 
being lowered, whereby it is possible to maintain the control 
resolution and the control accuracy at respective high levels. 
As described above, even when the frequency characteristic 
and/or the nonlinearity of the controlled object 90 vary/ 
varies due to changes in the operating conditions of the 
engine 3 or the like, it is possible to maintain the control 
resolution and the control accuracy at respective high levels. 
0261 Further, the phase control input Ucain is calculated 
as a value which is inverted with an amplitude of 2:R1 or 
2-R2 with the adaptive offset value Ucain of adip as the 
center of the inversion, and the adaptive offset value Ucain 
oft adp is calculated as a value which gently follows a 

change in the follow-up control input Rsld, and exceeds 
neither the upper limit value Ucain oft max nor the lower 
limit value Ucain oft min, as described hereinabove. There 
fore, even when there occurs a state in which the cam phase 
Cain largely deviates from the target cam phase Cain cmd. 
and the range of variation in the follow-up control input Rsld 
is large, differently from the case where the central value of 
the amplitude of the phase control input Ucain is not 
changed, it is possible to cause the camphase Cain to follow 
the target cam phase Cain cmd while preventing the phase 
control input Ucain from becoming excessively large. As a 
result, it is possible to further enhance the control resolution 
and the control accuracy. 
0262 Further, the follow-up control input Rsld undergoes 
a Smaller change as the cam phase Cain becomes closer to 
the target cam phase Cain cmd., and the modulated value u 
is calculated by modulating the limited value r2 obtained by 
subjecting the difference between the follow-up control 
input Rsld and the adaptive offset value Ucain of adp to 
the limiting process, with the modulation algorithm based on 
the AX modulation algorithm. Therefore, the phase control 
input Ucain is calculated as a value which is higher in 
inverting frequency as the cam phase Cain becomes closer 
to the target cam phase Cain cmd. This makes it possible to 
improve the convergence of the cam phase Cain to the target 
cam phase Cain cmd compared with the case in which the 
phase control input Ucain is calculated by PWM or dithering 
with a fixed inverting frequency. 
0263. The valve lift controller 200 selects, as the modu 
lated value ulf, the first modulated value u1 lf calculated at 
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the longer repetition period AT1, when the modulated value 
selection flag F DSMFRO LF=1 holds, and the second 
modulated value u2 lf calculated at the shorter repetition 
period AT2, when F DSMFRO LF=0 holds, and calculates 
the lift control input Uliftin based on the selected modulated 
value ulf. Further, the value of the modulated value selec 
tion flag F DSMFRO LF is set in the aforementioned map 
such that F DSMFRO LF=0 holds in the low engine speed 
or low valve lift region, and F DSMFRO LF=1 holds in the 
other regions. 

0264. Therefore, in the low engine speed or low valve lift 
region, the lift control input Uliftin is calculated at the 
shorter repetition period AT2, and hence, it is possible to 
eliminate the inconvenience occurring when the lift control 
input Uliftin is calculated at the longer repetition period in 
Such a region, i.e. the inconvenience of the motor 61 of the 
lift actuator undergoing resonance, whereby it is possible to 
maintain the control resolution and the control accuracy at 
respective high levels. As described above, even when the 
frequency characteristic of the controlled object 190 varies 
due to changes between the low engine speed or low valve 
lift region and the other regions of the operating conditions 
of the engine 3, it is possible to maintain the control 
resolution and the control accuracy at respective high levels. 

0265. Further, the lift control input Uliftin is calculated, 
by the same computation method as employed for the 
calculation of by the phase control input Ucain, as described 
hereinabove, as a value which is inverted with an amplitude 
of 2-R1 for 2-R2 lf with the adaptive offset value Uliftin 
oft adp as the center of the inversion, and the adaptive offset 
value Uliftin oft adip is calculated as a value which gently 
follows a change in the follow-up control input Rsld lf, and 
exceeds neither the upper limit value Uliftin oft max and 
nor the lower limit value Uliftin oft min. Therefore, even 
when there occurs a state in which the valve lift Liftin 
largely deviates from the target valve lift Liftin cmd, and the 
range of variation in the follow-up control input Rsld lf is 
large, differently from the case where the central value of the 
amplitude of the lift control input Uliftin is not changed, it 
is possible to cause the valve lift Liftin to follow the target 
valve lift Liftin cmd while preventing the lift control input 
Uliftin from becoming excessively large. As a result, it is 
possible to further enhance the control resolution and the 
control accuracy. 

0266 What is more, the modulated value u lf is calcu 
lated by modulating the limited value r2 lf obtained by 
subjecting the difference between the follow-up control 
input Rsld lf and the adaptive offset value Uliftin oft adp 
to the limiting process, with the modulation algorithm based 
on the A modulation algorithm. Therefore, the lift control 
input Uliftin is calculated as a value which is higher in 
inverting frequency as the valve lift Liftin becomes closer to 
the target valve lift Liftin cmd. This makes it possible to 
improve the convergence of the valve lift Liftin to the target 
valve lift Liftin cmd compared with the case in which the 
lift control input Uliftin is calculated by PWM or dithering 
with a fixed inverting frequency. 

0267 Although the first embodiment is an example in 
which the target value filter-type two-degree-of-freedom 
sliding mode control algorithms are employed as the control 
algorithms for calculating the follow-up control inputs Rsld 
and Rsld lif, the control algorithms for use in the calculation 
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of the follow-up control inputs according to the invention 
are not limited to these, but any Suitable control algorithms 
may be employed insofar as the follow-up control inputs can 
be calculated as respective values which can cause con 
trolled variables to follow target values. For example, there 
may be employed general feedback control algorithms, such 
as PID control algorithms, and response-specifying control 
algorithms, such as back-stepping control algorithms and 
sliding mode control algorithms. 
0268 Although in the first embodiment, as the algorithm 
for calculating the first modulated value u1 and the second 
modulated value u2 by modulating the limited value r2, the 
algorithms (equations (25) to (29) and (30) to (34)) based on 
the A modulation algorithm, are used by way of example, 
this is not limitative, but any Suitable modulation algorithms 
may be employed insofar as they are capable of calculating 
the first modulated value u1 and the second modulated value 
u2 by modulating the limited value r2. For example, as the 
algorithms for modulating the limited value r2, there may be 
employed PWM (Pulse Width Modulation) algorithms or 
algorithms with which the limited value r2 is modulated by 
dithering. 

0269. Further, in the first embodiment, in the step 22 in 
FIG. 14, the first modulation section 108 may calculate the 
first modulated value u1 using a modulation algorithm 
which is based on the XA modulation algorithm and 
expressed by the following equations (75) to (80) in place of 
the algorithm expressed by the aforementioned equations 
(25) to (29), and in the step 20, the second modulating 111 
may calculate the second modulated value u2 using a 
modulation algorithm based on the XA modulation algorithm 
expressed by the following equations (81) to (86) in place of 
the algorithm expressed by the aforementioned equations 
(30) to (34). 

or1 (n1)=or1 (n1-1)+r2(n1) (75) 
oul (n1)=oul (n1-1)+u1(n1-1) (76) 
81 (n1)=or1 (n1)-out 1(n1) (77) 
u1(n1)=fin1 (81 (n1)) (78) 

0270 WHEN 81(n1)20, 

0274 Also when the first modulated value u1 and the 
second modulated value u2 are calculated with the afore 
mentioned modulation algorithms based on the XA modu 
lation algorithm, and the phase control input Ucain is 
calculated using these modulated values, it is possible to 
obtain the same advantageous effects as provided by the first 
embodiment. Particularly, as the reference input r1 becomes 
closer to a value of 0, i.e. as the follow-up control input Rsld 
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undergoes a less change in the vicinity of the adaptive offset 
value Ucain oft adp with the cam phase Cain being close to 
the target cam phase Cain cmd., the inverting frequency of 
the phase control input Ucain becomes higher. Therefore, 
compared with the case of using the phase control input 
Ucain modulated by PWM or dithering with a fixed invert 
ing frequency, it is possible to improve the convergence of 
the cam phase Cain to the target cam phase Cain cmd. 
0275) Further, in the first embodiment, in the step 22 in 
FIG. 14, the first modulation section 108 may calculate the 
first modulated value u1 using a modulation algorithm 
which is based on the A modulation algorithm and expressed 
by the following equations (87) to (91) in place of the 
aforementioned equations (25) to (29), and in the step 20 in 
FIG. 14, the second modulation section 111 may calculate 
the second modulated value u2 using a modulation algo 
rithm which is based on the A modulation algorithm and 
expressed by the following equations (92) to (96) in place of 
the aforementioned equations (30) to (34). 

u1 (n1)=fin1 (81 (n1)) (89) 

0276 WHEN 81 (n1)20, 
fin1 (81 (n1))=R1 (90) 

0277 WHEN 81 (n1)<0, 
fin1 (81 (n1))=-R1 (91) 

0280 Also when the first modulated value u1 and the 
second modulated value u2 are calculated with the afore 
mentioned modulation algorithms based on the A modula 
tion algorithm, and the phase control input Ucain is calcu 
lated using these modulated values, it is possible to obtain 
the same advantageous effects as provided by the first 
embodiment. Particularly, as the reference input r1 becomes 
closer to a value of 0, i.e. as the follow-up control input Rsld 
undergoes a less change in the vicinity of the adaptive offset 
value Ucain oft adp with the cam phase Cain being close to 
the target cam phase Cain cmd., the inverting frequency of 
the phase control input Ucain becomes higher. Therefore, 
compared with the case of using the phase control input 
Ucain modulated by PWM or dithering with a fixed invert 
ing frequency, it is possible to improve the convergence of 
the cam phase Cain to the target cam phase Cain cmd. 
0281 Further, it is to be understood that the first modu 
lated value u1 lf and the second modulated value u2 lf may 
be calculated with the aforementioned modulation algo 
rithms based on the XA modulation algorithm or the A 
modulation algorithm. 
0282. Further, although in the first embodiment, one of 
the two modulated values u1 and u2 (or u1 lf and u2 lf) 
calculated at the respective two repetition periods AT1 and 
AT2 is selected as the modulated value u (or u lf) according 
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to the operating conditions of the engine 3 and the like, by 
way of example, this is not limitative, but it is possible to 
select one of three or more modulated values calculated at 
respective three or more different repetition periods, accord 
ing to the operating conditions of the engine 3 and the like. 
0283. Further, although in the first embodiment, the fol 
low-up control input Rsld is divided into two input compo 
nents r1 and Ucain oft adp, and the phase control input 
Ucain is calculated based on the value u corresponding to a 
modulated value of the one input component r1 of the 
divisional components and the remaining input component 
Ucain oft adp, by way of example, this is not limitative, but 
the phase control input Ucain may be calculated by dividing 
the follow-up control input Rsld into there or more input 
components, and using a modulated value of one of the 
divisional input components and the other input compo 
nents. Similarly to this, the lift control input Uliftin may be 
calculated by dividing the follow-up control input Rsld lif 
into there or more input components, and using a value 
corresponding to a modulated value of one of the divisional 
input components and the other input components. 
0284. On the other hand, although in the first embodi 
ment, the control apparatus 1 according to the present 
invention is applied to the hydraulically-driven variable cam 
phase mechanism 70 which changes the cam phase Cain 
with oil pressure, by way of example, this is not limitative, 
but the control apparatus according to the present invention 
can be applied to an electromagnetically-driven variable 
cam phase mechanism which changes the cam phase Cain 
with an electromagnetic force, or a variable cam phase 
mechanism which changes the phase of the exhaust cam 
shaft 8 relative to the crankshaft 3d with oil pressure or an 
electromagnetic force. 
0285) Further, in the first embodiment, the control appa 
ratus 1 according to the present invention is applied to the 
variable valve lift mechanism 50 which changes the lift of 
the intake valves 4, by way of example, this is not limitative, 
but the control apparatus according to the present invention 
can be also applied to a valve lift mechanism that changes 
the lift of the exhaust valves 7. 

0286 Next, a description will be given of a control 
apparatus 1A according to a second embodiment of the 
present invention. It should be noted that in the following 
description, component parts thereofidentical to those of the 
first embodiment are designated by identical reference 
numerals, and detailed description thereof is omitted. As 
shown in FIG. 26, the control apparatus 1A includes an 
air-fuel ratio controller 300, which is implemented by the 
ECU 2. 

0287. The air-fuel ratio controller 300 controls the actual 
air-fuel ratio Vex as a controlled variable by inputting an 
air-fuel ratio control input Uvex to a controlled object 290. 
The controlled object 290 corresponds to an air-fuel ratio 
control system including the LAF sensor 24 (controlled 
variable-detecting means) and the fuel injection valves 10. 
0288 The air-fuel ratio controller 300 calculates, as 
described in detail hereinbelow, by the same computation 
method as employed by the controllers 100, 200 in the first 
embodiment, the air-fuel ratio control input Uvex, and the 
air-fuel ratio control input Uvex is input to the controlled 
object 290, whereby the actual air-fuel ratio Vex is con 
trolled such that it follows the target air-fuel ratio Vex cmd. 
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0289. As shown in FIG. 26, the air-fuel ratio controller 
300 is comprised of a target air-fuel ratio-calculating section 
301, a two-degree-of-freedom response-specifying control 
ler 302, and a DSM controller 303. 
0290 The target air-fuel ratio-calculating section 301 
calculates, as described hereinafter, the target air-fuel ratio 
Vex cmd, e.g. by searching a map, not shown, according to 
operating conditions of the engine 3 (the accelerator pedal 
opening AP, the intake air amount Gcyl, etc.). It should be 
noted that in the present embodiment, the target air-fuel 
ratio-calculating section 301 corresponds to target value 
setting means, and the target air-fuel ratio Vex cmd corre 
sponds to the target value. 
0291. The two-degree-of-freedom response-specifying 
controller 302 calculates the follow-up control input 
Rsld ve for air-fuel ratio control with a target value filter 
type two-degree-of-freedom sliding mode control algorithm 
expressed by the following equations (97) to (105) as a value 
for causing the actual air-fuel ratio Vex to follow the target 
air-fuel ratio Vex cmd. It should be noted that the two 
degree-of-freedom response-specifying controller 302 cor 
responds to the follow-up control input-calculating means. 

Vex cmd f(k) = (97) 
-POLE f ve. Vex cmd f(k - 1) + (1 + POLE f ve). Vex cmdk) 

Rsld ve(k) = Req vetk) + Rrch ve(k) + Radp ve(k) + Rdamp vek) (98) 

1 (99) 
Req ve(k) = - {(1 - all ve - POLE ve). Vex(k) + b1 ve 

(POLE ve-a2 ve). Vex(k - 1) - b2 ve. Rsld ve(k - 1) + 
Vex cmd f(k) + (POLE we - 1). Vex cmd f(k - 1) - 

POLE ve. Vex cmd f(k - 2)} 

Rlsd ve(k - 1) = r2 ve(k - 1) + Uvex oft adp(k - 1) (100) 

-Krch ve (101) 
Rrch ve(k) = . OS ve(k) b1 ve 

102) -Kadip ve k ( 
Radip ve(k) = b1 ve 2. OS ve(i) 

Rdamp vek) = -Kdamp ve. {Wex(k) - Vex(k - 1)} (103) 

OS ve(k) = e ve(k) + POLE ve. e ve(k - 1) (104) 

e ve(k) = Vex(k) - Vex cmd f(k - 1) (105) 

0292. In the above-described control algorithm, first, a 
filtered value Vex cmd f of the target air-fuel ratio is 
calculated with a first-orderlag filter algorithm expressed by 
the equation (97). In the equation (97), POLE f ve repre 
sents a target value filter-setting parameter set to a value 
which satisfies the relationship of -1.<POLE f ve-0. 
0293 Next, the follow-up control input Rsld ve for the 
air-fuel ratio control is calculated with a sliding mode 
control algorithm expressed by the equations (98) to (105). 
That is, as shown in the equation (98), the follow-up control 
input Rsld ve for the air-fuel ratio control is calculated as 
the total Sum of an equivalent control input Req Ve, a 
reaching law input Rrch Ve, an adaptive law input Radp ve. 
and a damping input Rdamp ve. 
0294 The equivalent control input Req ve is calculated 
using the equation (99). In the equation (99), parameters 
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a1 Ve, a2 ve, b1 Ve, and b2 ve represent model parameters 
of a model, referred to hereinafter, and are set to respective 
predetermined values. Further. In the equation (99), 
POLE Ve represents a Switching function-setting parameter 
set to a value which satisfies the relationship of 
-1<POLE five-POLE ve-0. Further, Rsld ve' in the equa 
tion (99) represents the immediately preceding equivalent 
value of the follow-up control input calculated by the 
equation (100). In the equation (100), r2 ve represents a 
limited value calculated by the limiter 306, as described 
hereinbelow, and Uvex oft adp represents an adaptive off 
set value which is calculated by the adaptive offset value 
calculating section 304, as described hereinafter. 

0295) Further, the reaching law input Rrch ve is calcu 
lated using the equation (101). In the equation (101), 
Krch ve represents a predetermined reaching law gain, and 
as Ve represents a Switching function defined by the equa 
tion (104). The symbol e vein the equation (104) represents 
a difference defined by the equation (105). 
0296. Furthermore, the adaptive law input Radp_ve is 
calculated by the equation (102). In the equation (102), 
Kadp_ve represents a predetermined adaptive law gain. On 
the other hand, the damping input Rdamp Ve is calculated 
by the equation (103). In the equation (103), Kdamp ve 
represents a predetermined damping gain. 

0297. The equations (97) to (105) are derived as follows: 
When the controlled object is defined as a system to which 
the follow-up control input Rsld ve for the air-fuel ratio 
control is input as a control input, to thereby control the 
actual air-fuel ratio Vex as a controlled variable, and this 
system is modeled into a discrete-time system model, the 
following equation (106) is obtained: 

Vex(k + 1) = a1 ve. Vex(k) -- a2 ve. Vex(k - 1) + (106) 

b1 ve. Rsld ve(k) + b2 ve. Rsld ve(k - 1) 

0298 To the controlled object thus modeled, the target 
filter-type two-degree-of-freedom sliding mode control 
theory is applied such that the actual air-fuel ratio Vex 
follows the target air-fuel ratio Vex cmd, and for the same 
reason as that for using the immediately preceding equiva 
lent value Rsld' of the follow-up control input, described 
hereinabove, the immediately preceding value Rsld ve(k-1) 
of the above-mentioned follow-up control input on the right 
side of the equation of the equivalent input Req Ve is 
replaced by the immediately preceding equivalent value 
Rsld ve"(k-1) of the above-mentioned follow-up control 
input, whereby the aforementioned equations (97) to (105) 
are derived. 

0299 Next, a description will be given of the DSM 
controller 303. The DSM controller 303 calculates the 
air-fuel ratio control input Uvex based on the follow-up 
control input Rsld Ve, as described hereafter, and is com 
prised of an adaptive offset value-calculating section 304, a 
subtractor 305, a limiter 306, five oversamplers 307, 309, 
310, 312, and 315, a first modulation section 308, a second 
modulation section 311, a state determination section 313, a 
modulated value-selecting section 314, and an adder 316, as 
shown in FIG. 26. It should be noted that in the present 
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embodiment, the DSM controller 303 corresponds to the 
control input-calculating means. 
0300. The adaptive offset value-calculating section 304 
calculates the adaptive offset value Uvex oft adp based on 
the follow-up control input Rsld ve with an algorithm 
described hereinafter. 

0301 First, an unprocessed value Uvex oft adp' of the 
adaptive offset value is calculated with a rate-limiting pro 
cess algorithm expressed by the following equations (107) to 
(111): 

Uvex oft adp'(k)=Uvex oft adp(k-1)+Duvex 
mod(k) (107) 

0302 WHEN Eps vesDuvex(k), 
Duvex mod(k)=Eps ve (108) 

0303 WHEN -Eps ve(k)<Duvex(k)<Eps ve. 
Duvex mod(k)=Duvex(k) (109) 

0304 WHEN Duvex(k)s-Eps ve. 
Duvex mod(k)=-Eps ve (110) 
Duvex(k)=Rsld ve(k)-Uvex oft adp(k-1) (111) 

0305. In the equation (107), Duvex mod represents an 
amount of change in the unprocessed value Uvex oft adp', 
and is calculated, as shown in the equations (108) to (111), 
by subjecting the difference Duvex between the present 
value of the follow-up control input Rsld ve and the imme 
diately preceding value of the adaptive offset value Uvex 
oft adp to a limiting process using Eps. Veas an upper limit 

value and -Eps ve as a lower limit value. It should be noted 
that the value Eps ve is set to a predetermined positive 
value. 

0306 Next, the adaptive offset value Uvex oft adp is 
calculated by Subjecting the thus calculated unprocessed 
value Uvex oft adp' to a limiting process shown in the 
following equations (112) to (115): 

Uvex oft adp(k)=Lim(Uvex oft adp'(k)) (112) 

0307 WHEN Uvex of maxsUvex oft adp'(k), 
Lim (Uvex oft adp'(k))=Uvex oft max (113) 

0308 WHEN 
Uvex oft minkUveX oft adp'(k)<UveX oft max, 
Lim (Uvex oft adp'(k))=Uvex oft adp'(k) (114) 

0309 WHEN Uvex of adp'(k)s Uvex oft min, 
Lim (Uvex oft adp'(k))=Uvex oft min (115) 

0310. In the equation (112), Lim(Uvex oft adp") repre 
sents a limiting function, and the value thereof is defined as 
in the equations (113) to (115). Further, Uvex oft max in 
the equation (113) represents a predetermined upper limit 
value, and Uvex oft min in the equation (115) represents a 
predetermined lower limit value. As described above, the 
adaptive offset value Uvex oft adp is calculated by subject 
ing the unprocessed value UveX oft adp' to the limiting 
process. Therefore, the adaptive offset value Uvex oft adp 
is calculated as a value which gently follows a change in the 
follow-up control input Rsld ve and exceeds neither the 
upper limit value Uvex oft max nor the lower limit value 
Uvex oft min. 

0311) Further, the subtractor 305 calculates the reference 
input r1 ve as the difference between the follow-up control 
input Rsld ve and the adaptive offset value Uvex oft adp, 
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as shown in the equation (116). It should be noted that in the 
present embodiment, the reference input r1 ve corresponds 
to one input component, and the adaptive offset value 
Uvex oft adp to an input component other than the one 
input component. 

r1 ve(k)=Rsld ve(k)-Uvex oft adp(k) (116) 

0312 Then, the limiter 306 calculates the limited value 
r2 ve by Subjecting the reference input r1 ve to a limiting 
process as shown in the following equations (117) to (120): 

r2 ve(k)=Lim(r1 ve(k)) (117) 

0313 WHEN r1 ve maxsr1 ve(k), 
Lim (r1 ve(k))=r1 ve max (118) 

0314 WHEN r1 ve minkr1 ve(k)<r1 ve max, 
Lim (r1 ve(k))=r1 ve(k) (119) 

0315 WHEN r1 ve(k)sr1 ve min, 
Lim (r1 ve(k))=r1 ve min (120) 

0316. In the equation (117), Lim(r1 ve) represents a 
limiting function, and the value is defined as shown in 
equations (118) to (120). The symbol r1 ve max in this 
equation (118) represents a predetermined upper limit value, 
and r1 ve min in the equation (120) represents a predeter 
mined lower limit value. 

0317) Further, the oversampler 307 calculates an over 
sampled value r2 Ve(n1) by oversampling the limited value 
r2 ve at the predetermined control period AT1. 
0318. Further, the first modulation section 308 calculates 
a first modulated value u1 ve by modulating the over 
sampled value r2 ve(n1) of the limited value with a modu 
lation algorithm which is based on the modulation AX 
modulation algorithm and expressed by the following equa 
tions (121) to (125): 

ti 1 ve(n1)=fi1 (O1 ve(n1)) (123) 

0319 WHEN O1 ve(n1)20, 
fin1(o1 ve(n1))=R1 ve (124) 

0320 WHEN O1 ve(n1)<0, 
fin1(o1 ve(n1))=-R1 ve (125) 

0321. As shown in the equation (121), the difference 
61 ve is calculated as the difference between the present 
value of the oversampled value r2 ve of the limited value 
and the immediately preceding value of the first modulated 
value u1 ve. Further, in the equation (122), Oli Ve repre 
sents an integral value of the difference 81 ve. Further, in 
the equation (123), finil (O1 ve) represents a nonlinear func 
tion whose value is defined as in the equations (124) and 
(125) (it may be defined that when O1 ve=0, fn1(O1 ve)=0 
holds.) 
0322 Further, R1 ve in the equations (124) and (125) is 
set to Such a predetermined positive value as will always 
satisfy the relationship of R1 vesir2 vel, and make the 
amplitude 2:R1 ve of the first modulated value u1 ve 
Smaller than a range between the maximum value and the 
minimum value which the follow-up control input Rsld ve 
can assume during the control. It should be noted that the 
value R1 ve may be calculated by searching a table or a map 
according to operating conditions of the engine 3. AS is clear 
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from the equations (121) to (125), the first modulated value 
ul Ve is calculated as a value which is repeatedly inverted 
between a predetermined value-R1 ve and a predetermined 
value R1 ve. 

0323) Next, the oversampler 309 calculates an over 
sampled value u1 ve(m) of the first modulated value u1 ve 
by oversampling the first modulated value u1 ve at the 
predetermined control period ATu. 
0324 On the other hand, the oversampler 310 calculates 
an oversampled value r2 ve(n2) of the limited value r2 ve 
by oversampling the limited value r2 ve at the predeter 
mined control period AT2. 
0325 Further, the second modulation section 311 calcu 
lates a second modulated value u2 ve by modulating the 
oversampled value r2 ve(n2) of the limited value with a 
modulation algorithm which is based on the AX modulation 
algorithm and expressed by the following equations (126) to 
(130): 

82 ve(n2)=r2 ve(n2)-u2 ve(n2-1) (126) 

u2 ve(n2)=fin1 (o2 ve(n2)) (128) 

0326 WHEN O2 ve(n2)20, 
fin1(o2 ve(n2))=R2 ve (129) 

0327 WHEN O1 ve(n2)<0, 
fin1(o2 ve(n2))=-R2 ve (130) 

0328. As shown in the equation (126), the difference 
62 Ve is calculated as the difference between the present 
value of the oversampled value r2 ve and the immediately 
preceding value of the second modulated value u2 ve. 
Further, in the equation (127), O2 ve represents an integral 
value of the difference 82 ve. Also, in the equation (128), 
fn1 (O2 ve) is a nonlinear function as defined in the equa 
tions (129) and (130) (it may be defined that when O2 ve=0. 
fn1 (O2 ve)=0 holds). 
0329. Further, R2 ve in the equations (129) and (130) is 
set to Such a predetermined positive value as will always 
satisfy the relationship of R2 vesir2 vel during the control 
and make the amplitude 2: R2 ve of the second modulated 
value u2 ve Smaller than a range between the maximum 
value and the minimum value which the follow-up control 
value Rsld ve can assume during the control. It should be 
noted that the value R2 ve may be calculated by searching 
a table or a map according to operating conditions of the 
engine 3. As is clear from the equations (126) to (130), the 
second modulated value u2 Ve is calculated as a value 
which is repeatedly inverted between the predetermined 
value -R2 ve and the predetermined value R2 ve. 
0330 Next, the oversampler 312 calculates an over 
sampled value u2 Ve(m) by oversampling the second modu 
lated value u2 ve at a predetermined control period ATu. 
0331 Further, the state determination section 313 sets a 
modulated value selection flag F DSMFRO VE to 1 or 0 by 
searching maps shown in FIG. 27 according to the engine 
speed NE and the intake air amount Gcyl. It should be noted 
that in the present embodiment, the engine speed NE and the 
intake air amount Gcyl correspond to parameters indicative 
of a state of the controlled object. 
0332. As shown in FIG. 27, this map is configured such 
that in a region where the engine speed NE is low and at the 
same time the intake air amount Gcyl is Small (i.e. in a 
low-load region), F DSMFRO VE=1 holds, whereas in a 
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region where the engine speed NE is high and at the same 
time the intake air amount Gcyl is large (i.e. in a high-load 
region), F DSMFRQ VE=0 holds. 
0333. This is for the following reason: In the region 
where the engine speed NE is low and the intake air amount 
Gcyl is small, as the interval of the combustion cycle of each 
cylinder 3a becomes longer, the dead time of the actual 
air-fuel ratio Vex responsive to the target air-fuel ratio Uvex 
becomes longer, and hence in Such a state, if the modulated 
value u Ve is calculated at a short repetition period, there is 
a fear that the control resolution is lowered. Therefore, the 
map is configured such that F DSMFRO VE=1 holds in the 
region where the engine speed NE is low and the intake air 
amount Gcyl is Small, so as to avoid the above inconve 
nience by calculating the modulated value u Ve at the longer 
repetition period AT1. 
0334 On the other hand, in the region where the engine 
speed NE is high and at the same time the intake air amount 
Gcyl is large, the sensitivity of the actual air-fuel ratio Vex 
to the high-frequency components of the air-fuel ratio con 
trol input Uvex becomes high, and hence if the modulated 
value u Ve is calculated at the longer repetition period in 
Such a region, there is a fear that the inverting behavior of 
the air-fuel ratio control input Uvex is reflected in the actual 
air-fuel ratio Vex in a noise-like fashion. Therefore, the map 
is configured such that F DSMFRQ VE=0 holds in the 
region where the engine speed NE is high and at the same 
time the intake air amount Gcyl is large, so as to avoid the 
above-described inconvenience by calculating the modu 
lated value u ve at the shorter repetition period AT2. 
0335) Next, the modulated value-selecting section 314 
calculates the modulated value u ve by the following equa 
tions (131) and (132) according to the modulated value 
selection flag F DSMFRO VE set by the state determina 
tion section 313. That is, one of the first modulated value 
u1 ve and the second modulated value u2 Ve is selected as 
the modulated value u ve. 

0336 WHEN F. DSMFRQ-1, 
it ve(n)=ti 1 ve(n) (131) 

0337 WHEN F. DSMFRQ=0, 
it ve(n)=t2 ve(n) (132) 

0338. On the other hand, the oversampler 315 calculates 
an oversampled value Uvex oft adp(m) of the adaptive 
offset value by oversampling the adaptive offset value Uvex 
oft adp calculated by the adaptive offset value-calculating 

section 304 at the predetermined repetition period ATu. 
0339) Next, the adder 316 calculates the air-fuel control 
input Uvex by the following equation (133): 

Uvex(m)=u ve(m)+Uvex oft adp(m) (133) 

0340 According to the control apparatus 1A of the sec 
ond embodiment configured as above, the air-fuel ratio 
controller 300 selects the first modulated value u1 ve cal 
culated at the longer repetition period AT1 as the modulated 
value u Ve when the modulated value selection flag 
F DSMFRO VE is equal to 1, and the second modulated 
value u2 ve calculated at the shorter repetition period AT2 
as the modulated value u ve when the modulated value 
selection flag F DSMFROVE is equal to 0, and calculates 
the air-fuel ratio control input Uvex based on the thus 
selected modulated value u ve. On the other hand, the value 
of the modulated value selection flag F DSMFRO VE is set 
such that F DSMFRQ VE=0 holds in the region where the 
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engine speed NE is high and at the same time the intake air 
amount Gcyl is large, and F DSMFRO VE=1 holds in the 
region where the engine speed NE is low and the intake air 
amount Gcyl is Small. 
0341 Therefore, in the region where the engine speed NE 

is high and at the same time the intake air amount Gcyl is 
large, i.e. in the region where the sensitivity of the actual 
air-fuel ratio Vex to the high-frequency components of the 
air-fuel ratio control input Uvex is high, the air-fuel ratio 
control input Uvex is calculated at the shorter repetition 
period AT2, and hence, it is possible to eliminate the 
inconvenience occurring when the air-fuel ratio control 
input Uvex is calculated at the longer repetition period in 
Such a region, i.e. the inconvenience of the inverting behav 
ior of the air-fuel ratio control input Uvex being reflected in 
the actual air-fuel ratio Vex in a noise-like fashion, whereby 
it is possible to maintain the control resolution and the 
control accuracy at respective high levels. On the other 
hand, in the region where the engine speed NE is low and at 
the same time the intake air amount Gcyl is Small, i.e. in the 
region where the dead time of the actual air-fuel ratio Vex 
responsive to the target air-fuel ratio UveX is long, it is 
possible to eliminate the inconvenience occurring when the 
air-fuel ratio control input Uvex is calculated at the shorter 
repetition period in Such a region, i.e. the inconvenience of 
the control resolution of the air-fuel ratio control being 
lowered, whereby it is possible to maintain the control 
resolution and the control accuracy at respective high levels. 
0342. Further, the air-fuel ratio control input Uvex is 
calculated, as described hereinabove, as a value which is 
inverted with an amplitude of 2R1 ve or 2: R2 ve with the 
adaptive offset value Uvex oft adp as the center of the 
inversion, and the adaptive offset value Uvex of adip is 
calculated as a value which gently follows a change in the 
follow-up control input Rsld ve, and exceeds neither the 
upper limit value Uvex oft max nor the lower limit value 
Uvex oft min. Therefore, even when there occurs a state in 
which the actual air-fuel ratio Vex largely deviates from the 
target air-fuel ratio Vex cmd., and the range of variation in 
the follow-up control input Rsld ve is large, differently from 
the case where the central value of the amplitude of the 
air-fuel ratio control input Uvex is not changed, it is possible 
to cause the actual air-fuel ratio Vex to follow the target 
air-fuel ratio Vex cmd while avoiding the air-fuel control 
input Uvex from becoming excessively large. As a result, it 
is possible to further enhance the control resolution and the 
control accuracy. 
0343 What is more, the modulated value u ve is calcu 
lated by modulating the limited value r2 ve obtained by 
subjecting the difference between the follow-up control 
input Rsld ve and the adaptive offset value Uvex oft adp to 
the limiting process, with the modulation algorithm based on 
the AX modulation algorithm. Therefore, the air-fuel ratio 
control input Uvex is calculated as a value which is higher 
in inverting frequency as the actual air-fuel ratio Vex 
becomes closer to the target air-fuel ratio Vex cmd. This 
makes it possible to improve the convergence of the actual 
air-fuel ratio Vex to the target air-fuel ratio Vex cmd com 
pared with the case in which the air-fuel ratio control input 
Uvex is calculated by PWM or dithering with a fixed 
inverting frequency. 
0344 Although in the above-described embodiments, the 
control apparatus according to the present invention is 
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applied to control apparatuses that carry out cam phase 
control, valve lift control, and air-fuel ratio control, by way 
of example, this is not limitative, but the control apparatus 
according to the present invention may be applied to various 
industrial apparatuses and devices. 
0345) Further, although in the embodiments, the control 
lers 100, 200, and 300 are each implemented by the ECU 2, 
by way of example, it is to be understood that each controller 
may be formed in its entirety or partially by an electric 
circuit. 

0346. It is further understood by those skilled in the art 
that the foregoing are preferred embodiments of the inven 
tion, and that various changes and modifications may be 
made without departing from the spirit and scope thereof. 
What is claimed is: 

1. A control apparatus for controlling a controlled variable 
of a controlled object by a control input, comprising: 

controlled variable-detecting means for detecting the con 
trolled variable; 

target value-setting means for setting a target value as a 
target of the controlled variable; 

follow-up control input-calculating means for calculating 
a follow-up control input for controlling the detected 
controlled variable such that the detected controlled 
variable is caused to follow the set target value, with a 
predetermined control algorithm; and 

control input-calculating means for calculating the control 
input by modulating the calculated follow-up control 
input with algorithms including a predetermined modu 
lation algorithm, and selecting a repetition period at 
which the control input is calculated from a plurality of 
predetermined repetition periods, according to a param 
eter indicative of a state of the controlled object. 

2. A control apparatus as claimed in claim 1, wherein said 
control input-calculating means divides the follow-up con 
trol input into a plurality of input components, and calculates 
the control input based on an input component formed by 
modulating one of the input components with the predeter 
mined modulation algorithm and other input components 
than the one input component. 

3. A control apparatus as claimed in claim 1, wherein said 
predetermined algorithm is based one of a AX modulation 
algorithm, a XA modulation algorithm, and a A modulation 
algorithm. 

4. A control apparatus as claimed in any one of claims 1 
to 3, wherein said controlled variable is a phase of at least 
one of an intake camshaft and an exhaust camshaft of an 
internal combustion engine, relative to a crankshaft of the 
engine. 

5. A control apparatus as claimed in any one of claims 1 
to 3, wherein said controlled variable is a lift of at least one 
of each of intake valves and each of exhaust valves of an 
internal combustion engine. 

6. A control apparatus as claimed in any one of claims 1 
to 3, wherein said controlled variable is an air-fuel ratio 
parameter indicative of an air-fuel ratio of a mixture Sup 
plied to an internal combustion engine. 


