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(57) ABSTRACT

A catalyst diagnosis apparatus comprises a reaction rate
calculation unit for calculating a reaction rate of chemical
reaction in a three-way catalyst based on an output of an
oxygen sensor, and an OSC indicator calculation unit for
calculating an OSC indicator indicating an oxygen storage
capacity (OSC) of'the three-way catalyst based on outputs of
a linear air-fuel ratio sensor and the oxygen sensor, and a
catalyst degradation determination unit for determining deg-
radation of the three-way catalyst based on the reaction rate
and the OSC indicator. The determination of the catalyst
degradation can be performed with high accuracy in a
manner adapted for influences of external environments, etc.
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CATALYST DIAGNOSIS APPARATUS FOR
INTERNAL COMBUSTION ENGINE

BACKGROUND OF THE INVENTION
[0001]

[0002] The present invention relates to a catalyst diagnosis
apparatus for internal combustion engine. More particularly,
the present invention relates to a catalyst diagnosis apparatus
for an internal combustion engine, which diagnoses whether
a three-way catalyst disposed in an exhaust passage of the
internal combustion engine is degraded, and also relates to
an automobile equipped with an internal combustion engine
including the catalyst diagnosis apparatus.

[0003] 2. Description of the Related Art

[0004] A three-way catalyst has hitherto been disposed
midway an exhaust passage to purify and clean not-yet-burnt
hydro carbons (HC), carbon monoxide (CO), and nitrogen
oxides (NOx), i.e., harmful components in exhaust gas
exhausted from an internal combustion engine.

[0005] Insuch an exhaust cleaning device, if the three-way
catalyst is degraded or failed for some reason, the efficiency
of cleaning the harmful components is reduced and the
exhaust gas cannot be sufficiently cleaned. Therefore, vari-
ous methods and devices for detecting characteristic changes
in the cleaning ability of the three-way catalyst have been
proposed in the past.

1. Field of the Invention

[0006] One example of related art for detecting character-
istic changes in the exhaust cleaning ability of the three-way
catalyst is proposed as a catalyst degradation detection
device in which the occurrence of catalyst degradation is
determined based on outputs of air-fuel ratio sensors dis-
posed upstream and downstream of the three-way catalyst,
respectively, and the catalyst temperature is estimated to
control execution of useless determination of the catalyst
degradation and to permit the determination of the catalyst
degradation with high accuracy even when the catalyst
temperature is changed (see, e.g., Patent Document 1: JP-A-
11-132031).

[0007] Because there are a region where the exhaust
cleaning ability of the three-way catalyst depends on the
catalyst temperature and a region where the exhaust cleaning
ability of the three-way catalyst does not depend on the
catalyst temperature, the catalyst degradation detection
device disclosed in Patent Document 1 is intended to esti-
mate the catalyst temperature and to detect the catalyst
degradation not only in the region where the exhaust clean-
ing ability of the three-way catalyst does not depend on the
catalyst temperature, but also in the region where the
exhaust cleaning ability of the three-way catalyst depends on
the catalyst temperature.

[0008] More specifically, during feedback control of the
air-fuel ratio, the occurrence of catalyst degradation is
determined based on the output of the air-fuel ratio sensor
disposed in an exhaust pipe upstream of the catalyst and the
waveform length of the output of the oxygen sensor in the
downstream side. At the same time, the current catalyst
temperature is estimated from based on the air mass taken
into the internal combustion engine.

[0009] Further, a range allowing the determination of the
catalyst degradation to be executed is set based on the
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estimated catalyst temperature, and the determination of the
catalyst degradation is executed only when the air-fuel ratio
of the exhaust gas flowing into the catalyst is within the
allowable range.

SUMMARY OF THE INVENTION

[0010] When the degradation determination method using
the catalyst temperature is actually performed like the cata-
lyst degradation detection device disclosed in Patent Docu-
ment 1, the following problem may occur.

[0011] The catalyst temperature is affected by external
environments, such as weather, atmospheric temperature,
and humidity, during the operation of the internal combus-
tion engine. Therefore, when the catalyst temperature is
estimated from the intake air mass, this means that the
catalyst temperature is estimated without considering influ-
ences of the external environments, for example. It is hence
difficult to precisely detect the catalyst temperature.

[0012] Even in the case of using a temperature sensor, it is
also difficult to precisely detect the catalyst temperature
because the catalyst temperature is not evenly distributed
within the catalyst. Uneven temperature distribution within
the catalyst is attributable to the fact that purification reac-
tion for purifying and cleaning harmful substances is per-
formed inside the catalyst around noble metals which are
dispersively mixed in the catalyst.

[0013] Consequently, the estimated result of the catalyst
temperature is varied, whereby the accuracy of the range
allowing the determination of the catalyst degradation to be
executed is deteriorated and so is the accuracy in the
determination of the catalyst degradation.

[0014] With the view of solving the above-mentioned
problems, an object of the present invention is to provide a
catalyst diagnosis apparatus for an internal combustion
engine, which can perform the determination of the catalyst
degradation with high accuracy in a manner adapted for
influences of external environments, etc.

[0015] To achieve the above object, the present invention
provides a catalyst diagnosis apparatus for an internal com-
bustion engine including a three-way catalyst disposed in an
exhaust passage, an air-fuel ratio sensor for detecting an
air-fuel ratio in exhaust gas upstream of the three-way
catalyst, and an oxygen sensor for detecting oxygen density
in exhaust gas downstream of the three-way catalyst, the
catalyst diagnosis apparatus determining degradation of the
three-way catalyst, wherein the catalyst diagnosis apparatus
comprises a reaction rate calculation unit for calculating a
reaction rate of chemical reaction in the three-way catalyst
based on an output of the oxygen sensor; an OSC indicator
calculation unit for calculating an OSC indicator indicating
an oxygen storage capacity of the three-way catalyst based
on outputs of the air-fuel ratio sensor and the oxygen sensor;
and a catalyst degradation determination unit for determin-
ing degradation of the three-way catalyst based on the
reaction rate calculated by the reaction rate calculation unit
and the OSC indicator calculated by the OSC indicator
calculation unit.

[0016] In the catalyst diagnosis apparatus for the internal
combustion engine according to the present invention, pref-
erably, the OSC indicator calculation unit calculates the
OSC indicator based on a time of delay response from the
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time at which the output of the air-fuel ratio sensor is
reversed from a rich state to a lean state, until the time at
which the output of the oxygen sensor reaches a predeter-
mined lean-determination threshold.

[0017] To achieve the above object, the present invention
also provides a catalyst diagnosis apparatus for an internal
combustion engine including, in an intake passage, intake air
mass detection unit for detecting intake air mass and, in an
exhaust passage, a three-way catalyst, a linear air-fuel ratio
sensor for detecting an air-fuel ratio in exhaust gas upstream
of'the three-way catalyst, and an oxygen sensor for detecting
oxygen density in exhaust gas downstream of the three-way
catalyst, wherein the catalyst diagnosis apparatus comprises
a center air-fuel ratio calculation unit for calculating a center
air-fuel ratio based on outputs of the intake air mass detec-
tion unit, the linear air-fuel ratio sensor, and the oxygen
sensor; an air-fuel ratio control unit for controlling the
air-fuel ratio based on the outputs of the intake air mass
detection unit, the linear air-fuel ratio sensor, the oxygen
sensor, and the center air-fuel ratio calculation unit; a center
air-fuel ratio determination unit for determining based on the
output of the center air-fuel ratio calculation unit whether the
center air-fuel ratio is correctly calculated; a reaction rate
calculation unit for calculating a reaction rate of chemical
reaction in the three-way catalyst based on the output of the
oxygen sensor when the center air-fuel ratio determination
unit determines that the center air-fuel ratio is correctly
calculated; an OSC indicator calculation unit for calculating
an OSC indicator indicating an oxygen storage capacity of
the three-way catalyst based on the outputs of the linear
air-fuel ratio sensor, the oxygen sensor, and the center
air-fuel ratio calculation unit when the center air-fuel ratio
determination unit determines that the center air-fuel ratio is
correctly calculated; and a catalyst degradation determina-
tion unit for determining degradation of the three-way
catalyst based on the reaction rate calculated by the reaction
rate calculation unit and the OSC indicator calculated by the
OSC indicator calculation unit.

[0018] In the catalyst diagnosis apparatus for the internal
combustion engine according to the present invention, pref-
erably, the reaction rate calculation unit calculates the reac-
tion rate before the OSC indicator calculation unit calculates
the OSC indicator.

[0019] In the catalyst diagnosis apparatus for the internal
combustion engine according to the present invention, pref-
erably, the calculation of the OSC indicator by the OSC
indicator calculation unit is inhibited when the reaction rate
calculated by the reaction rate calculation unit is not larger
than a predetermined value.

[0020] In the catalyst diagnosis apparatus for the internal
combustion engine according to the present invention, pref-
erably, the reaction rate calculation unit calculates the reac-
tion rate based on a variation in the output of the oxygen
sensor.

[0021] In the catalyst diagnosis apparatus for the internal
combustion engine according to the present invention, pref-
erably, the reaction rate calculation unit calculates the reac-
tion rate based on at least one of parameters for the output
of the oxygen sensor, including an amplitude, a standard
deviation, a comparison result between a max-value and a
minimum-value, and the number of times at which a peak
value exceeds a predetermined range.
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[0022] In the catalyst diagnosis apparatus for the internal
combustion engine according to the present invention, pref-
erably, the center air-fuel ratio determination unit determines
whether the center air-fuel ratio is correctly calculated,
depending on whether the air-fuel ratio exceeds a predeter-
mined control range with respect to the center air-fuel ratio
calculated by the center air-fuel ratio calculation unit, and
the calculation of the reaction rate by the reaction rate
calculation unit is stopped when the air-fuel ratio exceeds
the predetermined control range with respect to the center
air-fuel ratio.

[0023] In the catalyst diagnosis apparatus for the internal
combustion engine according to the present invention, pref-
erably, even after the air-fuel ratio has returned to the
predetermined control range with respect to the center
air-fuel ratio, the calculation of the reaction rate by the
reaction rate calculation unit is continuously stopped until a
predetermined time is lapsed from a time of returning to the
predetermined control range.

[0024] The catalyst diagnosis apparatus for the internal
combustion engine according to the present invention pref-
erably further comprises a reaction rate revision unit for
revising the reaction rate calculated by the reaction rate
calculation unit.

[0025] In the catalyst diagnosis apparatus for the internal
combustion engine according to the present invention, pref-
erably, the reaction rate revision unit revises the reaction rate
based on at least one of the difference between an average
of the intake air mass during the calculation of the OSC
indicator and an average of the intake air mass during the
calculation of the reaction rate, and the difference between
an average of fuel mass during the calculation of the OSC
indicator and an average of fuel mass during the calculation
of the reaction rate.

[0026] Further, the present invention provides an automo-
bile mounting an internal combustion engine including, in
an intake passage, intake air mass detection unit for detect-
ing intake air mass and, in an exhaust passage, a three-way
catalyst, a linear air-fuel ratio sensor for detecting an air-fuel
ratio in exhaust gas upstream of the three-way catalyst, and
an oxygen sensor for detecting oxygen density in exhaust
gas downstream of the three-way catalyst, the internal
combustion engine including a control unit, wherein the
control unit comprises a center air-fuel ratio calculation unit
for calculating a center air-fuel ratio based on outputs of the
intake air mass detection unit, the linear air-fuel ratio sensor,
and the oxygen sensor; an air-fuel ratio control unit for
controlling the air-fuel ratio based on the outputs of the
intake air mass detection unit, the linear air-fuel ratio sensor,
the oxygen sensor, and the center air-fuel ratio calculation
unit; a center air-fuel ratio determination unit for determin-
ing based on the output of the center air-fuel ratio calculation
unit whether the center air-fuel ratio is correctly calculated;
a reaction rate calculation unit for calculating a reaction rate
of chemical reaction in the three-way catalyst based on the
output of the oxygen sensor when the center air-fuel ratio
determination unit determines that the center air-fuel ratio is
correctly calculated; an OSC indicator calculation unit for
calculating an OSC indicator indicating an oxygen storage
capacity of the three-way catalyst based on the outputs of the
linear air-fuel ratio sensor, the oxygen sensor, and the center
air-fuel ratio calculation unit when the center air-fuel ratio
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determination unit determines that the center air-fuel ratio is
correctly calculated; and a catalyst degradation determina-
tion unit for determining degradation of the three-way
catalyst based on the reaction rate calculated by the reaction
rate calculation unit and the OSC indicator calculated by the
OSC indicator calculation unit.

[0027] With the catalyst diagnosis apparatus the for inter-
nal combustion engine according to the present invention,
since the degradation of the three-way catalyst is determined
in combination of the reaction rate calculated by the reaction
rate calculation unit and the OSC indicator calculated by the
OSC indicator calculation unit, the accuracy in the determi-
nation of the catalyst degradation is improved and a degra-
dation determination enable region is enlarged depending on
characteristic changes of the catalyst caused by influences of
external environments, etc. Hence the performance of cata-
lyst diagnosis is enhanced.

BRIEF DESCRIPTION OF THE DRAWINGS

[0028] FIG. 1 is an overall schematic view of a direct-
injection internal combustion engine to which is applied a
catalyst diagnosis apparatus according to the present inven-
tion;

[0029] FIG. 2 is a schematic view showing a catalyst
diagnosis apparatus according to a first embodiment of the
present invention and an outline of an internal combustion
engine to which is applied the catalyst diagnosis apparatus;

[0030] FIG. 3 is a flowchart showing an operation flow of
the catalyst diagnosis apparatus, shown in FIG. 2, according
to the first embodiment;

[0031] FIGS. 4A-4D are time charts when the flowchart
shown in FIG. 3 is executed;

[0032] FIG. 5 is a graph showing a practical example in
which degradation determination of a three-way catalyst is
executed by a catalyst degradation determination unit in the
first embodiment shown in FIG. 2;

[0033] FIG. 6 is a graph showing the relationship between
a reaction rate in the catalyst and an output variation of an
oXygen sensor;

[0034] FIG. 7 is a graph for explaining the case where the
amplitude of an oxygen sensor output is given as the output
variation;

[0035] FIG. 8 is a graph for explaining the case where the
standard deviation of the oxygen sensor output is given as
the output variation;

[0036] FIG. 9 is a graph for explaining the case where the
difference between a max-value and a minimum-value of the
oxygen sensor output is given as the output variation;

[0037] FIG. 10 is a graph for explaining the case where the
number of times at which a peak value of the oxygen sensor
output deviates from a predetermined range is given as the
output variation;

[0038] FIG. 11 is a schematic view showing a catalyst
diagnosis apparatus according to a second embodiment of
the present invention and an outline of an internal combus-
tion engine to which is applied the catalyst diagnosis appa-
ratus;
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[0039] FIG. 12 is a flowchart showing an operation flow of
the catalyst diagnosis apparatus according to the second
embodiment;

[0040] FIGS. 13A-13D are time charts when the flowchart
shown in FIG. 12 is executed;

[0041] FIG. 14 is a flowchart showing a center air-fuel
ratio calculation routine executed by a center air-fuel ratio
calculation unit in the second embodiment;

[0042] FIGS. 15A-15D are time charts when the flowchart
shown in FIG. 14 is executed;

[0043] FIG. 16 is a flowchart showing a center air-fuel
ratio determination routine executed by a center air-fuel
ratio determination unit in the second embodiment;

[0044] FIG. 17 is a time chart when the flowchart shown
in FIG. 16 is executed;

[0045] FIG. 18 is a schematic view showing a catalyst
diagnosis apparatus according to a third embodiment of the
present invention and an outline of an internal combustion
engine to which is applied the catalyst diagnosis apparatus;

[0046] FIG. 19 is a graph showing the relationship
between a revision amount of the reaction rate and intake air
mass;

[0047] FIG. 20 is a flowchart showing an operation flow of
the catalyst diagnosis apparatus according to the third
embodiment; and

[0048] FIGS. 21A-21E are time charts when the flowchart
shown in FIG. 20 is executed.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

[0049] Embodiments of a catalyst diagnosis apparatus for
an internal combustion engine according to the present
invention will be described in detail below with reference to
the drawings.

[0050] FIG. 1 is an overall schematic view of a direct-
injection internal combustion engine to which is applied the
catalyst diagnosis apparatus according to the present inven-
tion.

[0051] In FIG. 1, a direct-injection internal combustion
engine 107 is installed in an automobile. Intake air intro-
duced to a cylinder 1075 of the direct-injection internal
combustion engine 107 is taken in from an inlet 102a of an
air cleaner 102. The intake air passes an airflow sensor 103
which is one of units for measuring the operating state of the
internal combustion engine 107, and enters a collector 106
through a throttle body 105 in which is disposed an elec-
tronically controlled throttle valve 105a for controlling
intake air mass.

[0052] The air flow sensor 103 outputs a signal represent-
ing the intake air mass to a control unit 115 which serves an
internal combustion engine controller.

[0053] Mounted to the throttle body 105 is a throttle
sensor 104 which is one of the engine operating-state
measuring units and detects the opening of the electronically
controlled throttle valve 105a. A signal from the throttle
sensor 104 is also outputted to the control unit 115.
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[0054] The air taken into the collector 106 is distributed to
respective intake pipes 101 connected to the cylinders 1075
of the internal combustion engine 107 and is introduced to
a combustion chamber 107¢ of each cylinder 1074.

[0055] On the other hand, fuel such as gasoline supplied
from a fuel tank 108 is subjected to primary pressurization
by a fuel pump 109 and is regulated to a certain pressure by
a fuel pressure regulator 110. Further, the fuel is subjected to
secondary pressurization by a high-pressure fuel pump 111
to have a higher pressure and is sent to a common rail 126
under the high pressure.

[0056] The high-pressure fuel in the common rail 126 is
injected into the combustion chamber 107¢ from an injector
112 which is mounted to each cylinder 1075. The fuel
injected into the combustion chamber 107¢ is ignited by an
ignition plug 114 in accordance with an ignition signal
generated as a high-voltage signal through an ignition coil
113.

[0057] A cam angle sensor 116 is mounted to a cam shaft
100 of an exhaust valve 107d of the internal combustion
engine 107 and outputs a signal for detecting the phase of the
cam shaft 100 to the control unit 115. The cam angle sensor
116 may be mounted to a cam shaft 122 of an intake valve
107e.

[0058] A crank angle sensor 117 is mounted to detect the
rotation and phase of a crankshaft 107f. An output of the
crank angle sensor 117 is also inputted to the control unit
115.

[0059] A three-way catalyst 120 is disposed midway an
exhaust pipe 119. A linear air-fuel ratio sensor 118 is
disposed upstream of the three-way catalyst 120, and an
oxygen sensor 125 is disposed downstream of the three-way
catalyst 120.

[0060] The linear air-fuel ratio sensor 118 detects oxygen
(air-fuel ratio) in exhaust gas flowing into the three-way
catalyst 120 and outputs a detected signal to the control unit
115.

[0061] The oxygen sensor 125 detects the oxygen density
in exhaust gas flowing out from the three-way catalyst 120
and outputs a detected signal to the control unit 115.

[0062] While the embodiment is described in connection
with the direct-injection internal combustion engine, the
internal combustion engine to which is applicable the cata-
lyst diagnosis apparatus of the present invention is not
limited to the direct-injection type. For example, the present
invention can also be applied to a port-injection internal
combustion engine (see FIG. 2) in which the injector 112 is
mounted to an intake port.

[0063] With reference to FIG. 2, the following description
is made of a catalyst diagnosis apparatus according to a first
embodiment of the present invention and an outline of an
internal combustion engine to which is applied the catalyst
diagnosis apparatus.

[0064] In an intake passage 201 of the internal combustion
engine 107, the airflow sensor 103 is disposed as an intake
air mass detection unit for detecting the intake air mass.

[0065] The three-way catalyst 120 is disposed midway an
exhaust passage 202 of the internal combustion engine 107.
Looking at the exhaust passage 202 in the direction of flow
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of exhaust gas therein, the linear air-fuel ratio sensor 118 for
detecting the air-fuel ratio in the exhaust gas is disposed
upstream of the three-way catalyst 120, and the oxygen
sensor 125 for detecting the oxygen density in the exhaust
gas is disposed downstream of the three-way catalyst 120.

[0066] The control unit 115 is constituted by a microcom-
puter and executes computer programs in accordance with
software to implement the functions of an OSC indicator
calculation unit 207, a reaction rate calculation unit 208, and
a catalyst degradation determination unit 209, thereby real-
izing the catalyst diagnosis apparatus.

[0067] The OSC indicator calculation unit 207 calculates
the OSC (Oxygen Storage Capacity) of the three-way cata-
lyst 120 based on an output RABF of the linear air-fuel ratio
sensor 118 and an output VRO2 of the oxygen sensor 125.

[0068] The reaction rate calculation unit 208 calculates the
reaction rate in the three-way catalyst 120 based on the
output VRO2 of the oxygen sensor 125. More specifically,
the reaction rate calculation unit 208 calculates the reaction
rate based on at least one of parameters related to the output
VRO2 of the oxygen sensor 125, i.e., the amplitude, the
standard deviation, the comparison result between a max-
value and a minimum-value, and the number of times at
which a peak value exceeds a predetermined range. The
reaction rate calculation unit 208 executes the calculation of
the reaction rate prior to the calculation of an OSC indicator
by the OSC indicator calculation unit 207.

[0069] This embodiment is featured in providing the cata-
lyst degradation determination unit 209 which performs
determination of catalyst degradation by using the outputs of
the OSC indicator calculation unit 207 and the reaction rate
calculation unit 208.

[0070] The OSC indicator calculation unit 207 calculates
the OSC indicator of the three-way catalyst 120 based on the
outputs of the linear air-fuel ratio sensor 118 and the oxygen
sensor 125. Practically, the OSC indicator calculation unit
207 calculates the OSC indicator based on a time of delay
response from the time at which the output of the linear
air-fuel ratio sensor 118 is reversed from a rich state to a lean
state, until the time at which the output of the oxygen sensor
125 reaches a predetermined lean-determination threshold.

[0071] Thus, since comparison of the OSC indicator is
performed depending on the reaction rate in the catalyst, the
OSC indicator can be calculated while change of the catalyst
characteristics caused by influences of external environ-
ments, etc. is detected as change of the reaction rate. As a
result, the determination of the catalyst degradation can be
performed in a manner adapted for the influences of the
external environments, etc.

[0072] The operation flow of the catalyst diagnosis appa-
ratus according to the first embodiment will be described
below with reference to a flowchart shown in FIG. 3.

[0073] First, the voltage of the oxygen detector 125 (i.e.,
the oxygen sensor output VRO2) disposed downstream of
the three-way catalyst 120 is detected (step S301).

[0074] Then, the detected oxygen sensor output VRO2 is
subjected to buffering. Based on data obtained after the
buffering for a predetermined time, the reaction rate calcu-
lation unit 208 calculates the reaction rate (step S302). In
this embodiment, the predetermined buffering time is set to
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3-10 seconds. The predetermined buffering time is option-
ally selected depending on the desired requirements, e.g.,
calculation accuracy and calculation time. If higher calcu-
lation accuracy is required, the buffering may be executed
for a period of longer than 10 sec, and if a shorter calculation
time is required, the buffering may be executed for a period
of shorter than 3 sec. Note that the reaction rate calculation
is interrupted when the time of detecting VRO2 is under the
fuel-cut mode.

[0075] Then, it is determined as to whether a condition
permitting the OSC indicator calculation is satisfied (step
S303). If the permitting condition is satisfied, the control
process advances to step S305 and so on, while if not
satisfied, the control process is brought to an end. The
permitting condition includes, for example, that the reaction
rate is larger than a predetermined value, and that abnormal
conditions of the linear air-fuel ratio sensor 118, etc. are not
satisfied.

[0076] Ifthe permitting condition is satisfied, the output of
the linear air-fuel ratio sensor 118 upstream of the three-way
catalyst 120 (i.e., the air-fuel ratio sensor output RABF) and
the oxygen sensor output VRO2 are detected (step S304).

[0077] Then, it is determined as to whether a condition
interrupting the OSC indicator calculation is satisfied (step
S305). If the interrupting condition is not satisfied, the
control process advances to step S306 and so on, while if
satisfied, the control process is brought to an end. The
interrupting condition includes, for example, that the time of
detecting RABF and VRO2 is under the fuel-cut mode. Note
that, if the condition interrupting the OSC indicator calcu-
lation is satisfied, the OSC indicator may be reset to zero or
a predetermined value.

[0078] If the condition interrupting the OSC indicator
calculation is not satisfied, the OSC indicator calculation
unit 207 calculates the OSC indicator based on the detected
air-fuel ratio sensor output RABF and oxygen sensor output
VRO2 (step S306).

[0079] Finally, the degradation of the three-way catalyst
120 is determined by the catalyst degradation determination
unit 209 based on the reaction rate and the OSC indicator
(step S307), which are both detected through the above-
described steps.

[0080] FIGS. 4A-4D show, by way of example, time
charts when the flowchart shown in FIG. 3 is executed.
FIGS. 4A-4D represent respectively the air-fuel ratio sensor
output RABF, the oxygen sensor output VRO2, the reaction
rate, and the OSC indicator.

[0081] When the variation of the oxygen sensor output
VRO2 is reduced, the reaction rate is increased. At the time
when the reaction rate exceeds a threshold C for executing
the calculation of the OSC indicator, the calculation of the
OSC indicator is started.

[0082] When the calculation of the OSC indicator is
completed, the degradation of the three-way catalyst 120 is
determined based on the value indicated by a mark M in FIG.
4D. The OSC indicator is calculated by utilizing the fact that
a response delay occurs between the air-fuel ratio sensor
output RABF and the oxygen sensor output VRO2 by the
action of OSC, and by detecting the response delay between
them.
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[0083] More specifically, the air-fuel ratio is first con-
trolled such that the air-fuel ratio sensor output RABF takes
a certain rich level. Then, the air-fuel ratio is controlled such
that the air-fuel ratio sensor output RABF is reversed to a
certain lean level immediately after the oxygen sensor
output VRO2 exceeds a rich-determination threshold A.

[0084] As a result, the air-fuel ratio sensor output RABF
is reversed from the rich state to the lean state at once.
However, because the catalyst interior is in the rich state,
i.e., in the oxygen exhausted state, there occurs a response
delay time d until the catalyst interior is saturated with
oxygen and the oxygen sensor output VRO2 is returned to
a lean-determination threshold B. The OSC indicator is
calculated based on the response delay time d. The OSC
indicator is obtained by multiplying the response delay time
d by a proportional coefficient k (i.e., d'’k).

[0085] In this embodiment, the response delay time d is
defined as a period from the time at which the air-fuel ratio
sensor output RABF exceeds a stoichiometric level in the
course of reversing from the rich stat to the lean state until
the time at which the oxygen sensor output VRO2 is reduced
to the lean-determination threshold B.

[0086] FIG. 5 is a graph showing a practical example in
which the degradation determination of the three-way cata-
lyst 120 is executed by the catalyst degradation determina-
tion unit 209 based on the reaction rate and the OSC
indicator.

[0087] In this embodiment, a degradation determination
threshold D is set depending on the reaction rate. If the OSC
indicator is in a region larger than the threshold D, the
three-way catalyst 120 is determined to be normal, and if the
OSC indicator is in a region smaller than the threshold D, the
three-way catalyst 120 is determined to be in the degraded
state.

[0088] When the reaction rate is not larger than the thresh-
old C for executing the calculation of the OSC indicator, the
catalyst is not activated and the difference between the
normal state and the degraded state does not appear in the
OSC indicator. Thus, the degradation determination cannot
be executed. For that reason, the reaction rate at a limit in the
determination between the normal state and the degraded
state is set to R1 and used as the threshold C for executing
the calculation of the OSC indicator.

[0089] FIG. 6 shows, by way of example, the relationship
between the output variation of the oxygen sensor 125 (i.e.,
the variation of VRO2) and the reaction rate in the catalyst.

[0090] When the output variation of the oxygen sensor
125 is large, this means that oxygen flows out downstream
of the three-way catalyst 120. Thus, the reaction rate in the
catalyst is small. On the other hand, when the output
variation is small, this means that oxygen flows out in small
amount. Thus, the reaction rate in the catalyst is large. By
utilizing such a tendency, the reaction rate is calculated
based on the output variation of the oxygen sensor 125.
[0091] FIGS. 7-10 each show, by way of example, the
output variation of the oxygen sensor 125.

[0092] FIG. 7 shows the case where the output amplitude
of the oxygen sensor 125 is given as the output variation.
[0093] FIG. 8 shows the case where the standard deviation
of the output (Y) of the oxygen sensor 125 is given as the
output variation. The standard deviation can be obtained
from the following formula:
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standard deviation=v{=¥2-(2Y)2/n(n-1)}

[0094] FIG. 9 shows the case where the difference
between a max-value Ymax and a minimum value Ymin of
the output of the oxygen sensor 125 is given as the output
variation.

[0095] FIG. 10 shows the case where the number of times
at which a peak value of the output of the oxygen sensor 125
deviates from a predetermined range is given as the output
variation.

[0096] Among the examples shown in FIGS. 7-10, plural
ones may be used as the output variation in a combined
manner.

[0097] With reference to FIG. 11, the following descrip-
tion is made of a catalyst diagnosis apparatus according to
a second embodiment of the present invention and an outline
of an internal combustion engine to which is applied the
catalyst diagnosis apparatus. Note that components in FIG.
11 corresponding to those in FIG. 2 are denoted by the same
reference numerals and a description thereof is omitted here.

[0098] In this embodiment, the control unit 115 executes
computer programs in accordance with software to imple-
ment the functions of a center air-fuel ratio calculation unit
1108, a center air-fuel ratio determination unit 1109, an
air-fuel ratio control unit 1110, an OSC indicator calculation
unit 1111, a reaction rate calculation unit 1112, and a catalyst
degradation determination unit 209, thereby realizing the
catalyst diagnosis apparatus.

[0099] In this embodiment, because the center air-fuel
ratio calculation unit 1108, the center air-fuel ratio determi-
nation unit 1109, and the air-fuel ratio control unit 1110 are
added, the accuracy of calculations in the OSC indicator
calculation unit 1111 and the reaction rate calculation unit
1112 is further improved and the determination of the
catalyst degradation can be performed with higher accuracy.

[0100] The center air-fuel ratio calculation unit 1108 cal-
culates the center air-fuel ratio based on the oxygen sensor
output VRO2, the air-fuel ratio sensor output RABF, and the
output of the airflow sensor 103 for measuring the air mass
taken into the internal combustion engine 107.

[0101] Based on the calculated center air-fuel ratio, the
center air-fuel ratio determination unit 1109 determines
whether the air-fuel ratio control is performed in the vicinity
of the center air-fuel ratio. In other words, the center air-fuel
ratio determination unit 1109 determines based on the output
of the center air-fuel ratio calculation unit 1108 whether the
center air-fuel ratio is correctly calculated.

[0102] In order to control the air-fuel ratio, the air-fuel
ratio control unit 1110 calculates fuel mass based on the
oxygen sensor output VRO2, the air-fuel ratio sensor output
RABF, the center air-fuel ratio, and the intake air mass,
thereby controlling the fuel mass injected from a fuel
injection device, i.e., the injector.

[0103] The reaction rate calculation unit 1112 calculates
the reaction rate of chemical reaction in the three-way
catalyst 120 based on the output VRO2 of the oxygen sensor
125 only when it is determined by the center air-fuel ratio
determination unit 1109 that the center air-fuel ratio is
correctly calculated. As in the above-described embodiment,
the reaction rate calculation unit 1112 calculates the reaction
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rate based on at least one of parameters related to the output
VRO2 of the oxygen sensor 125, i.e., the amplitude, the
standard deviation, the comparison result between a max-
value and a minimum-value, and the number of times at
which a peak value exceeds a predetermined range.

[0104] The OSC indicator calculation unit 1111 calculates
the OSC indicator of the three-way catalyst 120 based on the
respective outputs of the linear air-fuel ratio sensor 118, the
oxygen sensor 125, and the center air-fuel ratio calculation
unit 1108 only when it is determined by the center air-fuel
ratio determination unit 1109 that the center air-fuel ratio is
correctly calculated.

[0105] The operation flow of the catalyst diagnosis appa-
ratus according to the second embodiment will be described
below with reference to a flowchart shown in FIG. 12.

[0106] First, the center air-fuel ratio calculation unit 1108
calculates the center air-fuel ratio based on the oxygen
sensor output VRO2, the air-fuel ratio sensor output RABF,
and the intake air mass (step S1201).

[0107] Then, the center air-fuel ratio determination unit
1109 determines whether the determination of the center
air-fuel ratio is satisfied (step S1202). If the determination of
the center air-fuel ratio is satisfied, the control process
advances to step S1203 and so on, while if not satisfied, the
control process is brought to an end. A condition for the
determination of the center air-fuel ratio will be described in
detail below.

[0108] If the determination of the center air-fuel ratio is
satisfied, the air-fuel ratio sensor output RABF and the
oxygen sensor output VRO2 are detected (step S1203).

[0109] Then, it is determined as to whether the air-fuel
ratio sensor output RABF is controlled within a predeter-
mined control range of the air-fuel ratio (step S1204). If so
controlled, the control process advances to step S1205 and
so on, while if not so satisfied, the control process is brought
to an end. In this embodiment, the predetermined control
range of the air-fuel ratio is set to a range of £0.5 from the
center air-fuel ratio.

[0110] If the air-fuel ratio sensor output RABF is con-
trolled within the predetermined control range of the air-fuel
ratio, it is then determined as to whether a predetermined
time is lapsed after the air-fuel ratio has deviated from the
predetermined control range of the air-fuel ratio and has
returned to it (step S1205). If the predetermined time is
lapsed, the control process advances to step S1206 and so
on, while if not lapsed, the control process is brought to an
end.

[0111] If it is determined that the predetermined time is
lapsed after the air-fuel ratio has deviated from the prede-
termined control range of the air-fuel ratio and has returned
to it, the detected oxygen sensor output VRO2 is subjected
to buffering. Based on data obtained after the buffering for
a predetermined time, the reaction rate calculation unit 1112
calculates the reaction rate (step S1206). In this embodi-
ment, the predetermined buffering time is set to 3-10 sec-
onds. The predetermined buffering time is optionally
selected depending on the desired requirements, e.g., calcu-
lation accuracy and calculation time. If higher calculation
accuracy is required, the buffering may be executed for a
period of longer than 10 sec, and if a shorter calculation time
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is required, the buffering may be executed for a period of
shorter than 3 sec. Note that the reaction rate calculation is
interrupted when the time of detecting VRO2 is under the
fuel-cut mode.

[0112] Then, it is determined as to whether a condition
permitting the OSC indicator calculation is satisfied (step
S1207). If the permitting condition is satisfied, the control
process advances to step S1208 and so on, while if not
satisfied, the control process is brought to an end. The
permitting condition includes, for example, that the reaction
rate is larger than a predetermined value, and that abnormal
conditions of the linear air-fuel ratio sensor 118, etc. are not
satisfied.

[0113] If the permitting condition is satisfied, the air-fuel
ratio sensor output RABF, the oxygen sensor output VRO2,
and the center air-fuel ratio are detected with respect to the
three-way catalyst 120 (step S1208).

[0114] Then, it is determined as to whether a condition
interrupting the OSC indicator calculation is satisfied (step
S1209). If the interrupting condition is not satisfied, the
control process advances to step S1210 and so on, while if
satisfied, the control process is brought to an end. The
interrupting condition includes, for example, that the time of
detecting RABF and VRO2 is under the fuel-cut mode. Note
that, if the condition interrupting the OSC indicator calcu-
lation is satisfied, the OSC indicator may be reset to zero or
a predetermined value.

[0115] If the condition interrupting the OSC indicator
calculation is not satisfied, the OSC indicator calculation
unit 1111 calculates the OSC indicator based on the detected
air-fuel ratio sensor output RABF, oxygen sensor output
VRO2, and center air-fuel ratio (step S1210).

[0116] Finally, the degradation of the three-way catalyst
120 is determined by the catalyst degradation determination
unit 209 based on the reaction rate and the OSC indicator
(step 1211), which are both detected through the above-
described steps.

[0117] FIGS. 13A-13D show, by way of example, time
charts when the flowchart shown in FIG. 12 is executed.
FIGS. 13A-13D represent respectively the determination
result of the center air-fuel ratio, the air-fuel ratio sensor
output RABF, the oxygen sensor output VRO2, and the
reaction rate.

[0118] Ifany new revision is not made for a predetermined
time from the previous revision of the air-fuel ratio, the
determination of the center air-fuel ratio is satisfied at a time
tl.

[0119] During a period in which the determination of the
center air-fuel ratio is satisfied, the reaction rate is calcu-
lated. If the determination of the center air-fuel ratio is not
satisfied, or if the air-fuel ratio sensor output RABF exceeds
a predetermined range of the air-fuel ratio, the calculation of
the reaction rate is interrupted.

[0120] Also, if the air-fuel ratio sensor output RABF is
returned again to the predetermined range of the air-fuel
ratio after exceeding the predetermined range of the air-fuel
ratio, the calculation of the reaction rate is not performed for
a predetermined time, taking into account a delay of the
oxygen sensor output VRO2 with respect to the air-fuel ratio
sensor output RABF.
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[0121] In this embodiment, when the air-fuel ratio sensor
output RABF intersects again the center air-fuel ratio after
exceeding the predetermined range of the air-fuel ratio, the
intersection of the center air-fuel ratio is regarded as mean-
ing that the air-fuel ratio sensor output RABF has returned
to the predetermined range of the air-fuel ratio. The above-
mentioned predetermined time is set to 3-10 sec from the
intersection time. That predetermined time may be set, as
required, to be shorter than 3 sec or longer than 10 sec.
Alternatively, a predetermined range is set for the value of
the oxygen sensor output VRO2, and the above-mentioned
predetermined time may be given as a time required for the
oxygen sensor output VRO2 to converge into the predeter-
mined range after the air-fuel ratio sensor output RABF has
returned to the predetermined range of the air-fuel ratio.
After the reaction rate exceeds the threshold C for executing
the calculation of the OSC indicator, the calculation of the
OSC indicator is executed.

[0122] The time charts in subsequent steps are the same as
those in the first embodiment shown in FIG. 4.

[0123] A center air-fuel ratio calculation routine executed
by the center air-fuel ratio calculation unit 1108 will be
described below with reference to a flowchart shown in FIG.
14.

[0124] First, the voltage of the oxygen sensor 125 (i.e., the
oxygen sensor output VRO2) is measured (step S1401).

[0125] Then, an oxygen storage volume (VOS) is calcu-
lated based on the air-fuel ratio sensor output RABF, the
intake air mass, and the center air-fuel ratio (step S1402). In
this embodiment, VOS is calculated based on VOS=intake
air massx(RABF-center air-fuel ratio).

[0126] Then, it is determined as to whether a revision
condition for the center air-fuel ratio is satisfied (step
S1403). If the revision condition for the center air-fuel ratio
is satisfied, the control process advances to step S1404 and
so on, while if not satisfied, the control process is brought to
an end. The revision condition for the center air-fuel ratio is
satisfied includes, for example, that the voltage VRO2 of the
oxygen sensor 125 is longer than a predetermined time (30
sec), is smaller than a rich-determination voltage RVO2, and
is larger than a lean-determination voltage LVO2.

[0127] Then, based on the oxygen storage volume at the
time when the air-fuel ratio after the catalyst has become
rich, it is determined as to whether a revision of the center
air-fuel ratio (i.e., a lean revision) is performed (step S1404).
More specifically, if the oxygen sensor voltage VRO2 is
larger than the rich-determination voltage RVO2 and the
oxygen storage volume VOS is larger than an oxygen
storage volume level LVOS for rich-determination, the
control process advances to step S1405 for the lean revision,
while if not so, the control process advances to step S1406.

[0128] If it is determined that the lean revision of the
center air-fuel ratio is to be performed, the lean revision of
the center air-fuel ratio is performed to revise a shift of the
center air-fuel ratio to the rich side (step S1405).

[0129] On the other hand, if it is not determined that the
lean revision of the center air-fuel ratio is to be performed,
whether to perform a revision of the center air-fuel ratio (i.e.,
a rich revision) or not is determined based on the oxygen
storage volume at the time when the air-fuel ratio after the
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catalyst has become lean (step S1406). More specifically, if
the voltage VRO2 of the oxygen sensor 125 is smaller than
the lean-determination voltage LVO2 and the oxygen stor-
age volume VOS is smaller than an oxygen storage volume
level HVOS for lean-determination, the control process
advances to step S1407 for the rich revision, while if not so,
the control process is brought to an end.

[0130] If it is determined that the rich revision of the
center air-fuel ratio is to be performed, the rich revision of
the center air-fuel ratio is performed to revise a shift of the
center air-fuel ratio to the lean side.

[0131] Each of revision amounts used in steps S1405 and
S1407 may be always set to the same predetermined value
or may be set to a value proportional to the difference
between LVOS or HVOS and VOS. Also, those revision
amounts may be set to meet (lean-revision amount<rich-
revision amount) with the view of increasing sensitivity for
preventing deterioration of NOx, or conversely to meet
(lean-revision amount>rich-revision amount) with the view
of increasing sensitivity for preventing deterioration of HC
and CO.

[0132] The air-fuel ratio obtained after the revision in the
above-described steps is given as the calculated value of the
center air-fuel ratio. Further, whenever the rich or lean
revision is performed, the number of times of revisions is
incremented by one (step S1408).

[0133] FIGS. 15A-15D show, by way of example, time
charts when the flowchart shown in FIG. 14 is executed.
FIGS. 15A-15D represent respectively the oxygen sensor
output VRO2, the oxygen storage capacity (OSC), the
air-fuel ratio sensor output RABF, and the number of times
of revisions.

[0134] When the oxygen sensor output VRO2 exceeds the
rich-determination voltage RVO2 at a time Ta, the oxygen
storage volume is larger than the oxygen storage volume
level LVOS for rich-determination. Therefore, the rich revi-
sion of the center air-fuel ratio is performed and the number
of times of revisions is incremented by one. Also, the oxygen
storage volume is reset to O until a time Tb at which VRO2
is reduced to RVO2.

[0135] A center air-fuel ratio determination routine
executed by the center air-fuel ratio determination unit 1109
will be described below with reference to a flowchart shown
in FIG. 16.

[0136] First, it is determined as to whether the number of
times of revisions is larger than a predetermined value (step
S1601). If the number of times of revisions is larger than the
predetermined value, the control process advances to step
S1602 and so on, while if it is not larger than the predeter-
mined value, the determination of the center air-fuel ratio is
resulted as being not satisfied (step S1605).

[0137] Ifthe number of times of revisions is larger than the
predetermined value, the center air-fuel ratio is detected
(step S1602) and the difference between the previous center
air-fuel ratio and the current center air-fuel ratio is calculated
(step S1603). If that difference is 0, the determination of the
center air-fuel ratio is resulted as being satisfied (step
S1604). Otherwise, the determination of the center air-fuel
ratio is resulted as being not satisfied (step S1605).
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[0138] FIGS. 17A-17C show, by way of example, time
charts when the flowchart shown in FIG. 16 is executed.
FIGS. 17A-17C represent respectively the air-fuel ratio, the
number of times of revisions, and the determination result of
the center air-fuel ratio.

[0139] In the illustrated case, the predetermined value for
determining the number of times of revisions is set to 2. The
determination of the center air-fuel ratio is kept satisfied
during a period in which the center air-fuel ratio is not
revised after the time at which the number of times of
revisions has exceeded the predetermined value.

[0140] With reference to FIG. 18, the following descrip-
tion is made of a catalyst diagnosis apparatus according to
a third embodiment of the present invention and an outline
of an internal combustion engine to which is applied the
catalyst diagnosis apparatus. Note that components in FIG.
18 corresponding to those in FIG. 2 are denoted by the same
reference numerals and a description thereof is omitted here.

[0141] In this third embodiment, a reaction rate revision
unit 1809 for revising the reaction rate based on the output
of the airflow sensor 103 is added to the arrangement in first
embodiment.

[0142] A reaction rate calculation unit 1807 calculates the
reaction rate in the three-way catalyst 120 based on the
output VRO2 of the oxygen sensor 125, and then revises the
calculated reaction rate in accordance with a reaction rate
revision amount calculated by the reaction rate revision unit
1809.

[0143] With such a process, even when the reaction rate is
changed during a period from the calculation of the reaction
rate to the determination of the catalyst degradation, the
determination of the catalyst degradation can be performed
with high accuracy through the revision of the reaction rate.

[0144] FIG. 19 shows the relationship between the reac-
tion rate revision amount and the intake air mass. The
reaction rate revision amount is decided based on the
difference between an average value of the intake air mass
during the calculation of the reaction rate and an average
value of the intake air mass during the calculation of the
OSC indicator. Here, the difference between those average
values of the intake air masses is called differential average
air mass A.

[0145] When the differential average air mass A is positive
and larger than a predetermined change amount (value) Q,
the reaction rate is revised to the increasing (positive) side.
Conversely, when the differential average air mass A is
negative and larger than the predetermined change amount
Q, the reaction rate is revised to the decreasing (negative)
side.

[0146] When the differential average air mass A is smaller
than the predetermined change amount Q, the reaction rate
is not revised. Because the reaction rate also depends on the
fuel mass similarly to the intake air mass, the reaction rate
revision amount may be decided based on the difference
between average values of the fuel masses.

[0147] The operation flow of the catalyst diagnosis appa-
ratus according to the third embodiment will be described
below with reference to a flowchart shown in FIG. 20.

[0148] First, the oxygen sensor output VRO2 and the
intake air mass are detected (step S2001).
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[0149] Then, it is determined as to whether a condition
interrupting the reaction rate calculation is satisfied (step
S2002). If the condition interrupting the reaction rate cal-
culation is not satisfied, the control process advances to step
S2003 and so on, while if satisfied, the control process is
brought to an end. The condition interrupting the reaction
rate calculation includes, for example, that the oxygen
sensor output VRO2 and the intake air mass are detected in
the fuel-cut mode.

[0150] If the condition interrupting the reaction rate cal-
culation is not satisfied, the detected oxygen sensor output
VRO2 is subjected to buffering and the reaction rate is
calculated based on data obtained through the buffering of
the oxygen sensor output VRO2 for a predetermined time
(step 2003).

[0151] Then, the average value of the intake air mass
during the calculation of the reaction rate is calculated to
obtain an average air mass (1) (step S2004).

[0152] Then, it is determined as to whether a condition
permitting the OSC indicator calculation is satisfied (step
S2005). If the condition permitting the OSC indicator cal-
culation is satisfied, the control process advances to step
S2006 and so on, while if not satisfied, the control process
is brought to an end.

[0153] If the permitting condition is satisfied, the air-fuel
ratio sensor output RABF, the oxygen sensor output VRO2,
and the intake air mass are detected (step S2006).

[0154] Then, it is determined as to whether a condition
interrupting the OSC indicator calculation is satisfied (step
S2007). If the interrupting condition is not satisfied, the
control process advances to step S2008 and so on, while if
satisfied, the control process is brought to an end. The
interrupting condition includes, for example, that the air-fuel
ratio sensor output RABF, the oxygen sensor output VRO2,
and the intake air mass are detected during the fuel-cut
mode.

[0155] If the interrupting condition is not satisfied, the
OSC indicator is calculated based on the detected air-fuel
ratio sensor output RABF and oxygen sensor output VRO2
(step S2008).

[0156] Then, the average value of the intake air mass
during the calculation of the OSC indicator is calculated to
obtain an average air mass (2) (step S2009).

[0157] Then, the difference between the average air mass
(1) and (2) is calculated as the differential average air mass
A, and it is determined as to whether an absolute value of the
differential average air mass A is equal to or larger than a
predetermined value (change amount) Q (step S2010). If the
absolute value of the differential average air mass A is equal
to or larger than the predetermined value Q, the reaction rate
is revised based on the differential average air mass A (step
S2011). Thereafter, the determination of the catalyst degra-
dation is executed (step S2012).

[0158] On the other hand, if the absolute value of the
differential average air mass A is smaller than the predeter-
mined value Q, the reaction rate is not revised and the
determination of the catalyst degradation is executed at once
(step S2013).

[0159] FIGS. 21A-21E show, by way of example, time
charts when the flowchart shown in FIG. 20 is executed.
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FIGS. 21A-21E represent respectively the air-fuel ratio
sensor output RABF, the oxygen sensor output VRO2, the
differential average air mass A, the reaction rate revision
amount, and the reaction rate.

[0160] At the time when the reaction rate exceeds the
threshold C for executing the calculation of the OSC indi-
cator, the value of the reaction rate at that time is held.
Thereafter, the calculation of the reaction rate is not
executed and the calculation of the OSC indicator is
executed.

[0161] However, if the differential average air mass A is
equal to or larger than the predetermined change amount Q
when the calculation of the OSC indicator is completed, the
reaction rate is revised in accordance with the reaction rate
revision amount based on the differential average air mass A.

[0162] The advantages of the above-described catalyst
diagnosis apparatus according to the present invention are as
follows.

[0163] (1) Since the OSC indicator calculation unit for
calculating the OSC indicator of the three-way catalyst
and the reaction rate calculation unit for calculating the
reaction rate of chemical reaction are combined with
each other, the determination of the catalyst degrada-
tion can be performed with higher accuracy in a manner
adapted for characteristic changes of the catalyst
caused by influences of external environments, etc.

[0164] (2) Since the OSC indicator calculation unit and
the reaction rate calculation unit are operated during
control of the center air-fuel ratio by using the air-fuel
ratio control unit, the center air-fuel ratio calculation
unit, and the center air-fuel ratio determination unit, the
performance of the OSC indicator calculation unit and
the reaction rate calculation unit can be increased and
the accuracy in the determination of the catalyst deg-
radation can be increased.

[0165] (3) Since the reaction rate is calculated before
calculating the OSC indicator, the determination of the
catalyst degradation can be avoided from being use-
lessly executed, for example, in an inactive state of the
three-way catalyst, and the accuracy in the determina-
tion of the catalyst degradation can be increased.

[0166] (4) When the reaction rate is smaller than the
predetermined value, this means that the three-way
catalyst is not activated. By inhibiting the calculation of
the reaction rate in such a state, useless determination
of the catalyst degradation can be restricted and the
accuracy in the determination of the catalyst degrada-
tion can be increased.

[0167] (5) Since the reaction rate is calculated based on
the variation in the output of the oxygen sensor dis-
posed downstream of the three-way catalyst, the reac-
tion rate can be obtained with high accuracy and the
accuracy in the determination of the catalyst degrada-
tion can be increased.

[0168] (6) Since the reaction rate is calculated based on
at least one of parameters for the output of the oxygen
sensor, including the output amplitude, the standard
deviation of the output, the comparison result between
the max-value and the minimum-value of the output,
and the number of times at which the peak value of the
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output exceeds the predetermined range, the accuracy
in the calculation of the reaction rate can be increased.

[0169] (7) When the air-fuel ratio deviates from the
center air-fuel ratio beyond the predetermined control
range, the calculation of the reaction rate is stopped. It
is hence possible to prevent deterioration of the accu-
racy in the calculation of the reaction rate and to restrict
useless determination of the catalyst degradation.

[0170] (8) When the air-fuel ratio deviates from the
center air-fuel ratio beyond the predetermined control
range and is returned again to the predetermined con-
trol range, the calculation of the reaction rate is inhib-
ited for the predetermined time. It is hence possible to
prevent deterioration of the accuracy in the calculation
of the reaction rate and to restrict useless determination
of the catalyst degradation.

[0171] (9) When the reaction rate is changed until the
calculation of the OSC indicator is completed after the
calculation of the reaction rate, the reaction rate is
revised. Accordingly, deterioration of the accuracy in
the determination of the catalyst degradation can be
prevented.

[0172] (10) The reaction rate is revised based on the
difference between the average value of the intake air
mass during the calculation of the OSC indicator and
the average value of the intake air mass during the
calculation of the reaction rate, or the difference in the
average value of the fuel mass between those two
calculations. Therefore, a more precise reaction rate
can be obtained and deterioration of the accuracy in the
determination of the catalyst degradation can be pre-
vented.

[0173] (11) Since the control unit for the internal com-
bustion engine includes the catalyst degradation deter-
mination unit capable of being adapted for character-
istic changes of the catalyst caused by influences of
external environments, etc., deterioration of exhaust
gas from an automobile can be prevented. By practic-
ing the present invention, it is possible to improve the
accuracy in the determination of the catalyst degrada-
tion and to enlarge a region enabling the determination
of the catalyst degradation to be executed. As a result,
the performance of catalyst diagnosis can be increased.

1. A catalyst diagnosis apparatus for an internal combus-
tion engine including a three-way catalyst disposed in an
exhaust passage, an air-fuel ratio sensor for detecting an
air-fuel ratio in exhaust gas upstream of said three-way
catalyst, and an oxygen sensor for detecting oxygen density
in exhaust gas downstream of said three-way catalyst, said
catalyst diagnosis apparatus determining degradation of said
three-way catalyst, wherein said catalyst diagnosis apparatus
comprises:

reaction rate calculation means for calculating a reaction
rate of chemical reaction in said three-way catalyst
based on an output of said oxygen sensor;

OSC indicator calculation means for calculating an OSC
indicator indicating an oxygen storage capacity of said
three-way catalyst based on outputs of said air-fuel
ratio sensor and said oxygen sensor; and
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catalyst degradation determination means for determining
degradation of said three-way catalyst based on the
reaction rate calculated by said reaction rate calculation
means and the OSC indicator calculated by said OSC
indicator calculation means.

2. The catalyst diagnosis apparatus for the internal com-
bustion engine according to claim 1, wherein said OSC
indicator calculation means calculates the OSC indicator
based on a time of delay response from the time at which the
output of said air-fuel ratio sensor is reversed from a rich
state to a lean state, until the time at which the output of said
oxygen sensor reaches a predetermined lean-determination
threshold.

3. A catalyst diagnosis apparatus for an internal combus-
tion engine including, in an intake passage, intake air mass
detection means for detecting intake air mass and, in an
exhaust passage, a three-way catalyst, a linear air-fuel ratio
sensor for detecting an air-fuel ratio in exhaust gas upstream
of said three-way catalyst, and an oxygen sensor for detect-
ing oxygen density in exhaust gas downstream of said
three-way catalyst, wherein said catalyst diagnosis apparatus
comprises:

center air-fuel ratio calculation means for calculating a
center air-fuel ratio based on outputs of said intake air
mass detection means, said linear air-fuel ratio sensor,
and said oxygen sensor;

air-fuel ratio control means for controlling the air-fuel
ratio based on the outputs of said intake air mass
detection means, said linear air-fuel ratio sensor, said
oxygen sensor, and said center air-fuel ratio calculation
means;

center air-fuel ratio determination means for determining
based on the output of said center air-fuel ratio calcu-
lation means whether the center air-fuel ratio is cor-
rectly calculated;

reaction rate calculation means for calculating a reaction
rate of chemical reaction in said three-way catalyst
based on the output of said oxygen sensor when said
center air-fuel ratio determination means determines
that the center air-fuel ratio is correctly calculated;

OSC indicator calculation means for calculating an OSC
indicator indicating an oxygen storage capacity of said
three-way catalyst based on the outputs of said linear
air-fuel ratio sensor, said oxygen sensor, and said center
air-fuel ratio calculation means when said center air-
fuel ratio determination means determines that the
center air-fuel ratio is correctly calculated; and

catalyst degradation determination means for determining
degradation of said three-way catalyst based on the
reaction rate calculated by said reaction rate calculation
means and the OSC indicator calculated by said OSC
indicator calculation means.

4. The catalyst diagnosis apparatus for the internal com-
bustion engine according to claim 1, wherein said reaction
rate calculation means calculates the reaction rate before
said OSC indicator calculation means calculates the OSC
indicator.

5. The catalyst diagnosis apparatus for the internal com-
bustion engine according to claim 4, wherein the calculation
of the OSC indicator by said OSC indicator calculation
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means is inhibited when the reaction rate calculated by said
reaction rate calculation means is not larger than a prede-
termined value.

6. The catalyst diagnosis apparatus for the internal com-
bustion engine according to claim 1, wherein said reaction
rate calculation means calculates the reaction rate based on
a variation in the output of said oxygen sensor.

7. The catalyst diagnosis apparatus for the internal com-
bustion engine according to claim 6, wherein said reaction
rate calculation means calculates the reaction rate based on
at least one of parameters for the output of the oxygen
sensor, including an amplitude, a standard deviation, a
comparison result between a max-value and a minimum-
value, and the number of times at which a peak value
exceeds a predetermined range.

8. The catalyst diagnosis apparatus for the internal com-
bustion engine according to claim 3, wherein said center
air-fuel ratio determination means determines whether the
center air-fuel ratio is correctly calculated, depending on
whether the air-fuel ratio exceeds a predetermined control
range with respect to the center air-fuel ratio calculated by
said center air-fuel ratio calculation means, and the calcu-
lation of the reaction rate by said reaction rate calculation
means is stopped when the air-fuel ratio exceeds the prede-
termined control range with respect to the center air-fuel
ratio.

9. The catalyst diagnosis apparatus for the internal com-
bustion engine according to claim 8, wherein even after the
air-fuel ratio has returned to the predetermined control range
with respect to the center air-fuel ratio, the calculation of the
reaction rate by said reaction rate calculation means is
continuously stopped until a predetermined time is lapsed
from a time of returning to the predetermined control range.

10. The catalyst diagnosis apparatus for the internal
combustion engine according to claim 1, further comprising
reaction rate revision means for revising the reaction rate
calculated by said reaction rate calculation means.

11. The catalyst diagnosis apparatus for the internal
combustion engine according to claim 10, wherein said
reaction rate revision means revises the reaction rate based
on at least one of the difference between an average of the
intake air mass during the calculation of the OSC indicator
and an average of the intake air mass during the calculation
of the reaction rate, and the difference between an average
of fuel mass during the calculation of the OSC indicator and
an average of fuel mass during the calculation of the reaction
rate.
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12. An automobile mounting an internal combustion
engine including, in an intake passage, intake air mass
detection means for detecting intake air mass and, in an
exhaust passage, a three-way catalyst, a linear air-fuel ratio
sensor for detecting an air-fuel ratio in exhaust gas upstream
of said three-way catalyst, and an oxygen sensor for detect-
ing oxygen density in exhaust gas downstream of said
three-way catalyst, said internal combustion engine includ-
ing a catalyst diagnosis unit, wherein said catalyst diagnosis
unit comprises:

center air-fuel ratio calculation means for calculating a
center air-fuel ratio based on outputs of said intake air
mass detection means, said linear air-fuel ratio sensor,
and said oxygen sensor;

air-fuel ratio control means for controlling the air-fuel
ratio based on the outputs of said intake air mass
detection means, said linear air-fuel ratio sensor, said
oxygen sensor, and said center air-fuel ratio calculation
means;

center air-fuel ratio determination means for determining
based on the output of said center air-fuel ratio calcu-
lation means whether the center air-fuel ratio is cor-
rectly calculated;

reaction rate calculation means for calculating a reaction
rate of chemical reaction in said three-way catalyst
based on the output of said oxygen sensor when said
center air-fuel ratio determination means determines
that the center air-fuel ratio is correctly calculated;

OSC indicator calculation means for calculating an OSC
indicator indicating an oxygen storage capacity of said
three-way catalyst based on the outputs of said linear
air-fuel ratio sensor, said oxygen sensor, and said center
air-fuel ratio calculation means when said center air-
fuel ratio determination means determines that the
center air-fuel ratio is correctly calculated; and

catalyst degradation determination means for determining
degradation of said three-way catalyst based on the
reaction rate calculated by said reaction rate calculation
means and the OSC indicator calculated by said OSC
indicator calculation means.



