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(57) Abstract: A control system for an engine including
a limiting current sensor, the control system includes an
ECU. The ECU is configured to detect a concentration
of SOx in exhaust gas; control the engine such that the
concentration of oxygen in exhaust gas is kept at a con-
stant value; execute a sweep process for gradually redu-
cing an applied voltage to the sensor from a first voltage
to a second voltage, sulfur is produced in the sensor at
the first voltage, sulfur is oxidized in the sensor at the
second voltage; and detect the concentration of SOx in
exhaust gas based on a waveform of output current of
the sensor during execution of the sweep process and a
reference value, the reference value being a value of lim-
iting current of the sensor, the value of limiting current
of the sensor corresponding to the concentration of oxy-
gen having the constant value.
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CONTROL SYSTEM AND CONTROL METHOD FOR INTERNAL COMBUSTION
ENGINE

BACKGROUND OF THE INVENTION

1. Field of the Invention

[0001] The invention relates to a control system and control method for an
internal combustion engine, which detect the concentration of SOx in exhaust gas with the
use of a limiting current sensor that is able to detect the concentration of oxygen in exhaust

gas from the internal combustion engine.

2. Description of Related Art

[0002] As a sensor that detects the concentration of oxygen in exhaust gas, there
is known a limiting current sensor including a solid electrolyte, a pair of electrodes (an
electrode pair formed of a measuring electrode and a reference electrode) and a
diffusion-controlling layer (diffusion resistance layer). The solid electrolyte is able to
conduct oxygen ions. The pair of electrodes are provided so as to sandwich the solid
electrolyte. The diffusion-controlling layer is provided so as to cover the measuring
electrode.

[0003] The principle of detecting the concentration of oxygen in exhaust gas with
the use of the above sensor is as follows. Initially, when a voltage is applied to the
electrode pair so that a predetermined potential difference is generated between the
electrode pair, oxygen in exhaust gas is ionized at the measuring electrode. Oxygen ions
pass through the solid electrolyte and migrate to the reference electrode, and then return
into oxygen at the reference electrode through recombination. Migration of electrons due
to the series of electrochemical reactions is output as a current from the electrode pair.
Because the diffusion-controlling layer is controlling migration of oxygen to the measuring
electrode, the magnitude of current that is output from the electrode pair is in a one-to-one
correspondence with the concentration of oxygen in exhaust gas. Thus, when a current
that is outpilt from the electrode pair is measured, the concentration of oxygen in exhaust
gas is identified (detected) on the basis of the measured current. 7

[0004] As one of such detecting devices, there is a detecting device that detects
the concentration of a component other than oxygen (for example, the concentration of
H,O, that is, humidity) by utilizing the fact that a molecular that is decomposed at the

measuring electrode varies as the magnitude of voltage that is applied to the electrode pair

CONFIRMATION COPY
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varies. Specifically, the detecting device uses a sensor having two sets of electrode pair
(an upstream-side electrode pair and a downstream-side electrode pair). The detecting
device initially applies a voltage having a magnitude of decomposing oxygen to the
upstream-side electrode pair, and emits oxygen in exhaust gas to the outside of the sensor.
Subsequently, the detecting device applies a voltage having a magnitude of decomposing
H,O to the downstream-side electrode pair, and measures a current that is output from the
downstream-side electrode pair. The detecting device identifies the concentration of H,O
in exhaust gas on the basis of the current. Thus, the detecting device is able to measure a
current that is output because of H,O as distinguished from a current that is output because
of oxygen, so it is possible to accurately detect the concentration of H,O (see, for example,
Japanese Patent Application Publication No. 2-122255 (JP 2-122255 A)).

[0005] Hereinafter, the limiting current sensor that is able to detect the
concentration of oxygen in exhaust gas is referred to as oxygen concentration sensor, the
voltage that is applied to the electrode pair of the sensor is referred to as applied voltage to
the sensor, and the current that is output from the electrode pair is referred to as output
current of the sensor. The internal combustion engine is referred to as engine.

[0006] The amount of sulfur component contained in fuel for the engine is
generally an extremely small amount. However, depending on a region, or the like, in
which the engine is used, fuel having a relatively high concentration of sulfur may be used.
In this case, sulfur oxides (SOx) that are produced during combustion can cause white
smoke, or the like, of exhaust gas. Therefore, it is desired to measure the concentration of
sulfur in fuel. The inventors of the invention have studied that the concentration of SOx
in exhaust gas is detected as a parameter related to the concentration of sulfur in fuel.

[0007] Specifically, the inventors of the invention have studied whether it is
possible to detect the concentration of SOx in exhaust gas by using the method employed
in the above-described detecting device. As a result of the study, it has been found that,
when a voltage having a magnitude of decomposing SOx (in other words, reducing SOx
into sulfur) is applied to the electrode pair of the oxygen concentration sensor, not only
SOx but also a component other than SOx in exhaust gas also decomposes, and it has been
found that it is not easy to measure only an output current due to SOx separately. That is,
with the method employed in the existing device, there is a case where it is difficult to

accurately detect the concentration of SOx in exhaust gas.

SUMMARY OF THE INVENTION

[0008] The invention provides a control system and a control method that are able
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to accurately detect the concentration of SOx in exhaust gas from an engine.

[0009] A first aspect of the invention provides a control system for an internal
combustion engine including a limiting current sensor, the limiting current sensor capable
of detecting a concentration of oxygen in exhaust gas. The control system includes an
electronic control unit. The electronic control unit is configured to: (1) detect a
concentration of SOx in exhaust gas; (ii) control the internal combustion engine such that
the concentration of oxygen in exhaust gas is kept at a constant value; (ii1) execute a sweep
process for gradually reducing an applied voltage to the limiting current sensor from a first
voltage to a second voltage, the first voltage being a voltage at which sulfur is produced as
a result of reduction of SOx in the limiting current sensor, the second voltage being a
voltage at which sulfur is oxidized into SOx in the limiting current sensor; and (iv) detect
the concentration of SOx in exhaust gas based on a waveform of output current of the
limiting current sensor during execution of the sweep process and a reference value, the
reference value being a value of limiting current of the sensor, the value of limiting current
of the limiting current sensor corresponding to the concentration of oxygen having the
constant value.

[0010] According to the experiment and consideration of the inventors of the
invention, when the sweep process for reducing the applied voltage to the limiting current
sensor from the first voltage to the second voltage is executed, the waveform of output
current of the limiting current sensor includes an output component due to reoxidation of
sulfur into SOx in the limiting current sensor (output component due to the concentration
of SOx in exhaust gas) and an output component due to the concentration of oxygen in
exhaust gas; however, the waveform of output current of the limiting current sensor does
not substantially include an output component due to another component.

[0011] Therefore, the control system executes the sweep process while keeping
the concentration of oxygen in exhaust gas at the constant value. Thus, the output
component due to the concentration of oxygen is kept constant, thus preventing
fluctuations in the concentration of oxygen from disturbing the waveform of output current.
The system according to the invention analyzes the waveform of output current while
considering the output component due to the concentration of oxygen (that is, the reference
value). As a result, the system according to the invention is able to measure only the
output component due to the concentration of SOx by extracting the output component
from the output current of the limiting current sensor.

[0012] Thus, with the above configuration, it is possible to accurately detect the

concentration of SOx in exhaust gas.



10

15

20

25

30

35

WO 2015/124992 PCT/IB2015/000192

[0013] With the above configuration, in process of detecting the concentration of
SOx in exhaust gas, the output component due to the concentration of SOx is detected.
The output component is in a one-to-one correspondence with the concentration of SOx, so
the output component substantially indicates the concentration of SOx. Therefore, the
concentration of SOx in the invention can translate to at least one of the concentration of
SOx in exhaust gas or a value that is in a one-to-one correspondence with the concentration
of SOx.

[0014] The system according to the invention does not simply measure an output
current for each applied voltage. The system is able to measure only an output current
component due to SOx in exhaust gas separately through a specific process according to
the invention called sweep process. As a result, it has been difficult to distinguish SOx
from other components in exhaust gas, whereas the system according to the invention is
able to accurately detect the concentration of SOx in exhaust gas. In this way, the system
according to the invention has an advantageous effect as compared to the existing system.

[0015] The reference value may be acquired when the sweep process is actually
executed or may be acquired by consulting a map, or the like, determined in advance
through an experiment, or the like.

[0016] In the case where the reference value is acquired when the sweep process

is actually executed, if the timing of acquiring the reference value and the timing of

- executing the sweep process are excessively apart from each other, there is a possibility

that the detection accuracy of the concentration of SOx decreases, for example, if the
output characteristic of the limiting current sensor has changed with time. Therefore, in
order to accurately detect the concentration of SOx as much as possible, it is desirable that
the timing of acquiring the reference value and the timing of executing the sweep process
be close to each other as much as possible. '

[0017] In the control system, the second voltage may coincide with an applied
voltage that is used when the concentration of oxygen in exhaust gas is detected, and the
reference value may be a value of output current of the limiting current sensor at timing at
which the applied voltage to the limiting current sensor is reduced to the second voltage in
the sweep process.

[0018] According to the experiment, and the like, of the inventors, when the
sweep process is executed, usually, reoxidation of the entire sulfur accumulated in the
limiting current sensor completes before the second voltage reaches the applied voltage
that is used at the time when the concentration of oxygen in exhaust gas is detected.

Therefore, although the second voltage itself is a voltage at which oxidation of sulfur can
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occur, the output current at the time when the applied voltage is the second voltage
substantially includes only the output component due to oxygen.

[0019]  With the above configuration, the output current at the timing at which the
applied voltage is reduced to the second voltage is used as the reference value. The
system according to the aspect acquires the reference value at the timing at which the
sweep process has completed, so acquiring the reference value and executing the sweep
process are substantially successively carried out. Thus, the system according to the
aspect is able to further accurately detect the concentration of SOx in exhaust gas in
comparison with the case where the timing of acquiring the reference value and the timing
of executing the sweep process are apart from each other.

[0020] In the case where the reference value is acquired by consulting a map, or
the like, determined in advance through an experiment, or the like, for example, the
correlation between the concentration of oxygen and the limiting current, which is
prepared for measuring the concentration of oxygen, may be utilized.

[0021] In the control system, the electronic control unit may be configured to
prestore a correlation between the concentration of oxygeh in exhaust gas and the value of
limiting current, and the reference value may be a value of limiting current, which is
obtained by applying the concentration of oxygen having the constant value to the
correlation.

[0022] With the above configuration, if the concentration of oxygen in exhaust
gas (constant value) during the sweep process is acquired, it is not required to separately
carry out measurement, or the like, for determining the reference value. With the above
configuration, it is possible to simply and quickly detect the concentration of SOx.
Because the correlation is prestored, the system according to the aspect is able to reliably
determine the reference value even when the concentration of oxygen in exhaust gas
(constant value) during the sweep process varies for the concentration of SOx.

[0023]  According to the experiment, and the like, of the inventors, the waveform
of output current of the limiting current sensor during execution of the sweep process
includes an extreme value (a peak value of output current) that changes with the
concentration of SOx in exhaust gas (for example, see FIG. 4). In the above configuration,
as one mode of detecting the concentration of SOx in exhaust gas, the concentration of
SOx is obtained from the absolute value of a difference between the extreme value and the
reference value.

[0024] In the control system, the electronic control unit may be configured to use

an extreme value of output current of the limiting current sensor during execution of the
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sweep process as a value indicating a characteristic of the waveform of the output current,
the electronic control unit may be configured to detect the concentration of SOx in exhaust
gas such that the concentration of SOx increases as the absolute value of a difference
between the extreme value and the reference value increases, and the second voltage may
be an applied voltage lower than an applied voltage at which the extreme value is output.

[0025] With the above configuration, it is possible to detect the concentration of
SOx in exhaust gas without requiring complicated calculation. The correlation between
the absolute value of the difference between the extreme value and the reference value and
the concentration of SOx in exhaust gas can be determined by an experiment, or the like, in
advance.

[0026] A second aspect of the invention provides a control method for an internal
combustion engine including a limiting current sensor, the limiting current sensor capable
of detecting a concentration of oxygen in exhaust gas. The control method includes:
detecting a concentration of SOx in exhaust gas; controlling the internal combustion engine
such that the concentration of oxygen in exhaust gas is kept at a constant value; executing a
sweep process for gradually reducing an applied voltage to the limiting current sensor from
a first voltage to a second voltage, the first voltage being a voltage at which sulfur is
produced as a result of reduction of SOx in the limiting current sensor, the second voltage
being a voltage at which sulfur is oxidized into SOx in the limiting current sensor; and
detecting the concentration of SOx in exhaust gas based on a waveform of output current
of the limiting current sensor during execution of the sweep process and a reference value,
the reference value being a value of limiting current of the limiting current sensor, the
value of limiting current of the limiting current sensor corresponding to the concentration

of oxygen having the constant value.

BRIEF DESCRIPTION OF THE DRAWINGS

[0027] Features, advantages, and technical and industrial significance of
exemplary embodiments of the invention will be described below with reference to the
accompanying drawings, in which like numerals denote like elements, and wherein:

FIG 1 is a schematic view that shows the schematic configuration of an internal
combustion engine to which a control system according to an embodiment of the invention
is applied; ' A

FIG. 2 is a schematic view that shows the schematic configuration of a limiting
current oxygen concentration sensor (single-cell sensor) according to the embodiment;

FIG. 3A and FIG 3B are schematic graphs that show the output characteristics of the
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limiting current oxygen concentration sensor according to the embodiment;

FIG. 4 is a schematic graph that shows an example of the waveform of output current
of the sensor when a sweep process is executed according to the embodiment;

FIG. 5 is a schematic graph that shows the correlation between a concentration of
SOx in exhaust gas and an output of the sensor according to the embodiment;

FIG. 6 is a schematic graph that shows an example of the waveform of output current
of the sensor when the sweep process is executed according to the embodiment;

FIG. 7 is a schematic graph that shows an example of the waveform of output current
of the sensor when the sweep process is executed according to the embodiment;

FIG. 8 is a time chart that shows an example of the correlation among an air-fuel ratio
of exhaust gas (a concentration of oxygen in exhaust gas), an applied voltage to the sensor
and an output current of the sensor according to the embodiment; ‘

FIG. 9 is a time chart that shows another example of the correlation among an air-fuel
ratio of exhaust gas (a concentration of oxygen in exhaust gas), an applied voltage to the
sensor and an output current of the sensor according to the embodiment;

FIG. 10 is a flowchart that shows a routine that is executed by the control system
according to the embodiment; and

FIG. 11 is a schematic view that shows the schematic configuration of a limiting

current oxygen concentration sensor (dual-cell sensor) according to the embodiment.

DETAILED DESCRIPTION OF EMBODIMENTS

[0028] FIG. 1 shows the schematic configuration of an internal combustion
engine 10 to which a control system according to an embodiment of the invention
(hereinafter, referred to as embodied system) is applied.

[0029] The engine 10 is a spark ignition internal combustion engine (so-called
gasoline engine). The engine 10 includes a body portion 20, an intake system 30, an
exhaust system 40, an accelerator pedal 51, a plurality of sensors 61 to 64, and an
electronic control unit 71. The body portion 20 includes a fuel injection valve 21, an
ignition plug 22, a combustion chamber 23, a fuel pump 24, a fuel supply tube 25, a piston
26, a connecting rod 27 and a crankshaft 28. The intake system 30 includes an intake
valve 31, an intake port 32, an intake manifold 33, a throttle valve 34, an intake pipe 35
and an air cleaner 36. The exhaust system 40 includes an exhaust valve 41, an exhaust
port 42, an exhaust manifold 43, an exhaust gas purification catalyst 44 and an exhaust
pipe 45. The plurality of sensors 61 to 64 include a limiting current oxygen concentration

sensor 61, a crank position sensor 65, an air flow meter 63 and an accelerator operation
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amount sensor 64.

[0030] As shown in FIG 2, the limiting current oxygen concentration sensor 61
(hereinafter referred to as sensor 61) includes a sensor cell 61D, a diffusion-controlling
layer 61E, a sensor control unit 61F, a first alumina layer 61G, a second alumina layer 61H,
a third alumina layer 611, a fourth alumina layer 61J, a fifth alumina layer 61K and a heater
61L. The sensor cell 61D is formed of a solid electrolyte layer 61A, a measuring
electrode 61B and a reference electrode 61C. An atmosphere introduction passage 61M
and an internal space 61N are formed in the sensor 61. The sensor 61 is a single-cell
sensor having the single sensor cell 61D.

[0031] The sensor 61 is provided at the exhaust manifold 43 such that a distal end
(a distal end at a side at which the diffusion-controlling layer 61E is provided) is exposed
to exhaust gas. In consideration of the possibility that the concentration of SOx in

exhaust gas changes by the exhaust gas purification catalyst 44, the sensor 61 is provided

‘on the upstream side of the exhaust gas purification catalyst 44.

[0032] The solid electrolyte layer 61A is made of zirconia, or the like, that is able
to conduct oxygen ions. The measuring electrode 61B and the reference electrode 61C
are made of platinum group elements, such as platinum and rhodium, or an alloy including
any one of the platinum group elements. The measuring electrode 61B and the reference
electrode 61C are arranged so as to sandwich the solid electrolyte layer 61A. The
measuring electrode 61B is arranged on one-side wall face of the solid electrolyte layer
61A (specifically, on an wall face that defines the internal space 61N). The reference
electrode 61C is arranged on the other-side wall face of the solid electrolyte layer 61A
(specifically, a wall face that defines the atmosphere introduction passage 61M).

[0033] The sensor control unit 61F is connected to the sensor cell 61D such that
the measuring electrode 61B is a cathode and the reference electrode 61C is an anode.
The sensor control unit 61F is connected to the heater 61L so as to be able to supply
electric power to the heater 61L. The sensor control unit 61F is connected to the
electronic control unit 71.

[0034] The sensor control unit 61F receives a command signal from the electronic
control unit 71, applies the sensor cell 61D with a voltage corresponding to the command
signal, and transmits the value of current that is output from the sensor cell 61D to the
electronic control unit 71. The sensor control unit 61F receives a command signal from
the electronic control unit 71, and supplies the heater 61L with an electric power
corresponding to the command signal.

[0035]  Application of a voltage to the sensor cell 61D is carried out by applying a
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voltage to the measuring electrode 61B and the reference electrode 61C so that a potential
difference according to the command signal from the electronic control unit 71 is
generated between the measuring electrode 61B and the reference electrode 61C (between
an electrode pair).

[0036] The internal space 61N is a space defined by the solid electrolyte layer
61A, the diffusion-controlling layer 61E, the first alumina layer 61G and the second
alumina layer 61H. The internal space 61N is separated by the diffusion-controlling layer
61E from a sensor outside (the inside of the exhaust manifold 43). The
diffusion-controlling layer 61E has a porous structure. The diffusion-controlling layer
61E controls the rate of transfer of exhaust gas from the exhaust manifold 43 to the internal
space 61N (by extension, diffusion of exhaust gas into the solid electrolyte layer 61A).
The atmosphere introduction passage 61M is open to the atmosphere outside the sensor 61.

[0037] The sensor 61 is usually used to detect the concentration of oxygen in
exhaust gas flowing inside the exhaust manifold 43. Specifically, when a voltage for
measuring the concentration of oxygen (hereinafter, referred to as ordinary voltage) is
applied to the sensor cell 61D, oxygen contained in exhaust gas inside the internal space
61N is ionized at the measuring electrode 61B. Oxygen ions pass from the measuring
electrode 61B through the solid electrolyte layer 61A and migrate to the reference
electrode 61C. Oxygen ions that have reached the reference electrode 61C return to
oxygen through recombination, and the oxygen is released to the atmosphere introduction
passage 61M. Migration of electrons due to the series of electrochemical reactions is
measured by the sensor control unit 61F as an output current from the sensor cell 61D.
Because of the function of the diffusion-controlling layer 61E, the magnitude of the output
current (in other words, the amount of oxygen ions that migrate between the electrode pair)
is in a one-to-one correspondence with the concentration of oxygen in exhaust gas. That
is, the output current from the sensor cell 61D has a magnitude corresponding to the
concentration of oxygen in exhaust gas. The output current is generally called limiting
current.

[0038] Incidentally, the concentration of oxygen in exhaust gas mainly depends
on the air-fuel ratio of air-fuel mixture before combustion. Conversely, the air-fuel ratio
of air-fuel mixture can be estimated on the basis of the concentration of oxygen in exhaust
gas. Therefore, the concentration of oxygen in exhaust gas is also referred to as the
air-fuel ratio of exhaust gas. In accordance with such naming, for example, the
concentration of oxygen in exhaust gas that is produced as a result of combustion of

air-fuel mixture having a stoichiometric air-fuel ratio is substantially zero, and the air-fuel
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ratio of the exhaust gas is the stoichiometric air-fuel ratio. Hereinafter, an applied voltage
to the sensor cell 61D is referred to as applied voltage to the sensor 61, and an output
current from the sensor cell 61D is referred to as output current from the sensor 61.

[0039]  FIG. 3A is a schematic graph that shows the correlation among an air-fuel
ratio A/F of exhaust gas, an applied voltage Vs to the sensor 61 and an output current Is

from the sensor 61. As shown in the graph, the air-fuel ratio A/F of exhaust gas and the

'magnitude of output current Is (limiting current) have a one-to-one correspondence when

the applied voltage Vs falls within a specific range. Therefore, a voltage that falls within
the range is used as an ordinary voltage VO (see the alternate long and short dashed line in
the graph). The ordinary voltage VO is a fixed value (for example, 0.4 V) that is generally
determined on the basis of an experiment, or the like. FIG. 3B is a schematic graph that
shows the correlation between an air-fuel ratio A/F of exhaust gas and an output current Is
when the applied voltage Vs is the ordinary voltage VO. As shown in the graph, the
air-fuel ratio A/F of exhaust gas is uniquely identified on the basis of the output current Is.

[0040] In the embodied system, the value of the output current Is of the sensor 61
is measured by the sensor control unit 61F, and is transmitted to the electronic control unit
71. The electronic control unit 71 identifies (detects) the air-fuel ratio A/F of exhaust gas
by applying the received value of the output current Is of the sensor 61 to the correlation
shown in FIG. 3B.

[0041] In this way, the sensor 61 provided in the engine 10 to which the
embodied system is applied is a sensor having a characteristic of outputting-a current
(limiting current) that is in a one-to-one correspondence with the concentration of oxygen
in exhaust gas. The sensor includes a solid electrolyte, the measuring electrode and the
reference electrode (the electrode pair), and the diffusion-controlling layer. The solid
electrolyte is able to conduct oxygen ions. The measuring electrode and the reference
electrode are provided so as to sandwich the solid electrolyte. The diffusion-controlling
layer is provided so as to cover the measuring electrode. In the sensor having the above
configuration, an applied voltage to the sensor can translate to a voltage that is applied to
the electrode pair in order to generate a potential difference between the electrode pair.
An output current of the sensor can translate to a current that is output from the electrode
pair.

[0042]  Referring back to FIG 1, the crank position sensor 65 is configured to
output a signal indicating the rotation position of the crankshaft 28. The air flow meter
63 is configured to output a signal indicating the amount of air (intake air amount) per unit

time, which is taken into the engine 10. The electronic control unit 71 calculates the
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amount of air that is introduced into the combustion chamber 23 on the basis of these
signals. The accelerator operation amount sensor 64 outputs a signal indicating the
opening degree of the accelerator pedal 51. On the basis of the signal, the electronic
control unit 71 determines an output that is required of the engine 10.

[0043]  The electronic control unit 71 is an electronic circuit mainly formed of a
known microcomputer including a CPU, a ROM, a RAM, and the like. The CPU of the
electronic control unit 71 is configured to transmit command signals to the fuel injection
valve 21, the throttle valve 34, the sensor 61, and the like, and receive signals that are
output from the plurality of sensors 61 to 64.

[0044] A method of detecting the concentration of SOx in the embodied system
will be described with reference to FIG. 4 to FIG. 7. The embodied system detects the
concentration of SOx in exhaust gas with the use of the sensor 61. According to the
experiment and consideration of the inventors, it has been found that, when the applied
voltage Vs to the sensor 61 is gradually reduced from a specific first voltage V1 to a
specific second voltage V2, the output current Is of the sensor 61 draws a unique waveform
corresponding to the concentration of SOx in exhaust gas. Hereinafter, the process of
gradually reducing the applied voltage Vs to the sensor 61 from the first voltage V1 to the
second voltage V2 is referred to as sweep process.

[0045] Initially, the outline of the sweep process will be described. FIG. 4 is a
schematic graph that shows an example of the waveform of output current of the sensor 61
when the sweep process is executed. The output current Is at the time when the applied
voltage Vs decreases from the first voltage V1 to the second voltage V2 (in the graph, the
waveform that extends from point A to point C via point B, indicated by the continuous
line) changes with the concentration of SOx in exhaust gas. However, the waveform
changes with not only the concentration of SOx in exhaust gas but also the air-fuel ratio
(the concentration of oxygen) of exhaust gas during the sweep process. Therefore, the
embodied system extracts a value indicating only the concentration of SOx in exhaust gas
from the waveform of output current Is, and detects the concentration of SOx in exhaust
gas on the basis of the extracted value. In order to accurately carry out the detection, the
embodied system controls the engine 10 so that the air-fuel ratio of exhaust gas during the
sweep process is kept at a constant value. The output current Is corresponding to the
constant value is used as an output component (reference value Iref) corresponding to the
air-fuel ratio of exhaust gas.

[0046] As shown in the graph, the first voltage V1 and the second voltage V2 are

higher than the ordinary voltage VO for measuring the concentration of oxygen. Thus, in
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the case where the concentration of oxygen is measured with the use of the sensor 61,
when the sweep process is started, the embodied system changes the applied voltage Vs
from the ordinary voltage VO to the first voltage V1 (in the graph, see the waveform from
point D to point A, indicated by the dashed line). When the sweep process has completed,
the embodied system reduces the applied voltage Vs from the second voltage V2 to the
ordinary voltage VO (in the graph, see the waveform from point C to point D, indicated by
the dashed line). In the example shown in the graph, for the sake of convenience, the
embodied system keeps the air-fuel ratio of exhaust gas at a constant value not only during
execution of the sweep process (a period from point A via point B to point C) but also
periods before and after the sweep process (a period from point D to point A and a period
from point C to point D).

[0047] Specifically, when the sensor 61 is used to detect the air-fuel ratio of
exhaust gas, the applied voltage Vs to the sensor 61 is the ordinary voltage VO (see point D
in the graph). When the embodied system executes the sweep process, the embodied
system changes the applied voltage Vs from the ordinary voltage VO to the first voltage V1
(see point A in the graph). Thus, SOx is reduced into sulfur in the sensor 61 (specifically,
at the surface, or the like, of the measuring electrode 61B), and sulfur produced as a result
of the reduction is accumulated in the sensor 61 (the surface, or the like, of the measuring
electrode 61B). The amount of sulfur that is accumulated in the sensor 61 corresponds to
the concentration of SOx in exhaust gas.

[0048] This is because sulfur (S) is a solid at a temperature at which the sensor 61
is usually used and sulfur (S) accumulates in the sensor 61 without volatizing from the
sensor 61. In addition, this is because, as well as the fact that the value of limiting current
in the sensor 61 increases as the concentration of oxygen in exhaust gas increases, the
amount of SOx that is accumulated per unit time in the sensor 61 increases as the
concentration of SOx in exhaust gas increases.

[0049] Because the first voltage V1 is higher than the ordinary voltage VO, when
the applied voltage Vs is the first voltage V1, oxygen in exhaust gas is also ionized in the
sensor 61, and a component other than SOx (for example, H,O) in exhaust gas can also be
decomposed in the sensor 61. However, oxygen ions are emitted from the sensor 61 in
accordance with the oxygen measuring principle (see the above description) of the sensor
61, and a substance (for example, H;) that is produced as a result of decomposition of a
component other than SOx is generally gas at the above-described temperature, so the
substance is not accumulated in the sensor 61. Thus, when the applied voltage Vs is the

first voltage V1, only sulfur is substantially accumulated in the sensor 61.
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[0050] In this way, the first voltage V1 is an applied voltage at which sulfur that
is produced as a result of reduction of SOx into sulfur in the sensor 61 is accumulated in
the sensor 61. In this example, the first voltage V1 is a voltage (for example, 1.0 V) that
is confirmed by an experiment, or the like, in advance that the reduction and accumulation
occur, and is recorded in the ROM of the electronic control unit 71.

[0051] When the applied voltage Vs is changed from the ordinary voltage VO to
the first voltage V1, the output current Is of the sensor 61 increases (see point A in the
graph) as shown in the graph because of the above-described reduction, and the like, of
SOx. The output current Is at this time is a first value I1.

[0052] Subsequently, the embodied system executes the sweep process while
keeping the air-fuel ratio of exhaust gas at a constant value. Thus, the embodied system
gradually reduces the applied voltage Vs from the first voltage V1. During execution of
the sweep process, oxidation of sulfur into SOx, decomposition of oxygen and
decomposition of a component, other than SOx, in exhaust gas occur in the sensor 61.
Therefore, an output component due to each of those reactions is included in the output
current Is. However, according to the experiment, and the like, of the inventors, the
output component due to the component other than SOx is extremely small, and it may be
ignored from the viewpoint of detecting the concentration of SOx. Thus, the output
component Is during execution of the sweep process substantially includes the output
component due to sulfur (specifically, SOx) and the output component due to oxygen.

[0053] Therefore, if the concentration of oxygen in exhaust gas excessively
fluctuates during execution of the sweep process, the output current Is may significantly
change so as to reflect the fluctuations in the concentration of oxygen, and the accuracy of
measuring the output component due to sulfur (specifically, SOx) may decrease.
Therefore, the embodied system executes the sweep process while keeping the air-fuel
ratio of exhaust gas at a constant value. Thus, because the output component due to
oxygen, included in the output current Is, is kept constant (kept at the value of limiting
current corresponding to the concentration of oxygen having the constant value), the output
current Is does not fluctuate because of fluctuations in the concentration of oxygen.

[0054] As a result, the output current Is draws the unique waveform
corresponding to the concentration of SOx in exhaust gas. Specifically, as shown in the
graph, the output current Is draws the waveform that once decreases from the first value I1
and increases again (see the continuous line that connects point A, point B and point C in
the graph). For example, the local minimum (hereinafter, referred to as peak value Ipeak)

in the waveform has a value corresponding to the concentration of SOx in exhaust gas.
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That is, the waveform of output current Is has the peak value Ipeak corresponding to the
concentration of SOx in exhaust gas.

[0055] The embodied system completes the sweep process (see point C in the
graph) at predetermined timing after the peak value Ipeak is output. The applied voltage
Vs at the timing at which the sweep process is completed is the second voltage V2. In

this way, the second voltage V2 is an applied voltage for obtaining the above-described

unique waveform corresponding to the concentration of SOx in exhaust gas, and is an

applied voltage at which sulfur is oxidized (reoxidized) into SOx in the sensor 61. The
output current Is at the timing at which the sweep process is completed is a second value
2.

[0056] After that, the embodied system returns the applied voltage Vs to the
ordinary voltage VO (see point D in the graph). As described above, in the example
shown in the graph, the embodied system keeps the air-fuel ratio of exhaust gas at the same
constant value as the air-fuel ratio during the sweep process until the applied voltage Vs is
returned to the ordinary voltage VO. Therefore, the embodied system uses, as the
reference value Iref, the output current Is at the time when the applied voltage Vs is
returned to the ordinary voltage VO.

[0057] The embodied system detects the concentration of SOx in exhaust gas on
the basis of the reference value Iref and the waveform of output current Is, obtained during
the sweep process. Thus, the embodied system is able to analyze the output component
due to the concentration of SOx in exhaust gas as distinguished from the output component
due to another component.

[0058]  As an example of the detection, as shown in the graph, the embodied
system identifies (detects) the concentration of SOx in exhaust gas on the basis of the
absolute value DEFis of a difference between the peak value Ipeak and the reference value
Iref. Specifically, according to the experiment, and the like, of the inventors, as shown in
FIG. 5, the concentration Csox of SOx increases as the absolute value DEFis of the
difference increases. Therefore, the embodied system calculates the absolute value DEFis
of the above-described difference from the waveform of output current Is during the sweep
process and the reference value Iref, and applies the absolute value DEFis of the difference
to the correlation shown in FIG 5. Thus, the embodied system identifies (detects) the
concentration Csox of SOx in exhaust gas. The correlation shown in FIG. 5 is determined
by an experiment, or the like, in advance, and is recorded in the ROM of the electronic
control unit 71.

[0059]  As described above, the reference value Iref is used to extract only the
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output component due to the concentration of SOx from the oﬁtput current Is. Therefore,
the reference value Iref can, for example, translate to the output current of the sensor at the
time when the engine is controlled so that the concentration of oxygen in exhaust gas is the
constant value in the case where the output current of the sensor depends on only the
concentration of oxygen in exhaust gas.

[0060]  The principle of occurrence of the peak value Ipeak of output current
during execution of the sweep process is not apparent at this point in time. However, in
cyclic voltammetry that is a general method of measuring the electrochemical property of a
physical object, it is known that the peak of response current occurs near an
oxidation-reduction potential because of a rate-controlling phenomenon of electrons or
oxides. A phenomenon similar to this phenomenon is presumed to be occurring during
the sweep process of the invention.

[0061] Another method of detecting the concentration of SOx will be described.
The embodied system does not necessarily need to detect the concentration of SOx in
exhaust gas on the basis of the above-described absolute value DEFis of the difference.
Other various detection methods can be employed. That is, the embodied system can
analyze the waveform of output current by various methods.

[0062] For example, as shown in FIG 6, the embodied system can identify
(detect) the concentration of SOx in exhaust gas on the basis of an area AREAIs of a region
surrounded by the waveform of output current Is during the sweep process and the
reference value Iref. Specifically, the concentration Csox of SOx increases as the area
AREAIs increases. Therefore, the embodied system calculates the area AREAis of the
region from the waveform of output current Is, and applies the area AREAIis of the region
to a map, or the like (not shown), determined in advance. Thus, the embodied system can
detect the concentration Csox of SOx in exhaust gas.

[0063] For example, as shown in FIG 7, the embodied system can identify
(detect) the concentration of SOx in exhaust gas on the basis of the absolute value tanfis of
a rate of change in output current Is between the timing (point B in the graph) at which the
output current Is is the peak value Ipeak and the timing (point E in the graph) at which the
output current Is is the reference value Iref. Specifically, the concentration Csox of SOx
increases as the absolute value tanOis of the rate of change increases. Therefore, the
embodied system calculates the absolute value tan6is of the rate of change from the
waveform of output current Is, and applies the absolute value tan0is of the rate of change
to a map, or the like (not shown), determined in advance. Thus, the embodied system can

detect the concentration Csox of SOx in exhaust gas.
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[0064] Incidentally, from the viewpoint of the detection accuracy of the
concentration of SOx, in the detection method shown in FIG. 6, it is desirable that the
second voltage V2 coincide with the ordinary voltage VO. On the other hand, in the
detection methods shown in FIG. 4 and FIG. 7, it is sufficient as long as the peak value
Ipeak is acquired, so the second voltage V2 does not necessarily need to coincide with the
ordinary voltage V0. In this way, the embodied system may use, as the second voltage
V2, an applied voltage specified in advance when oxidation of sulfur into SOx occurs in
the sensor 61 through an experiment, or the like, or may use, as the second voltage V2, an
applied voltage at the time when it is confirmed on the basis of the output current Is that
oxidation of sulfur is occurring while the sweep process is actually being executed.

[0065] The embodied system just needs to gradually reduce the applied voltage
Vs to the sensor 61 in the sweep process, and can employ various reducing modes. For
example, the applied voltage Vs may be continuously reduced or may be discretely
reduced at appropriate intervals from the viewpoint (see the above description) of
analyzing the waveform of output current Is. The rate of reduction in applied voltage Vs
(the amount of reduction in applied voltage Vs per unit time) can be determined in
consideration of a rate at which reoxidation from sulfur into SOx occurs in the sensor 61, a
sensitivity of detecting a change in output current resulting from reoxidation, detection
accuracy that is required of the embodied system, and the like. The voltage may be
reduced at the same rate of reduction from the start of the sweep process to the completion
of the sweep process or the voltage may be reduced at a varying rate of reduction.
However, in order to increase the detection accuracy of the concentration of SOx, it is
desirable that the rate of reduction in applied voltage Vs be not varied for each
measurement(each measurement be carried out at the same rate of reduction).

[0066] The embodied system may use, as the air-fuel ratio (constant value) of
exhaust gas during the sweep process, a sweep process-dedicated target value determined
in advance by an experiment, or the like, or a real air-fuel ratio at the time when the sweep
process is actually started.

[0067] The embodied system does not necessarily need to use, as the first voltage
V1, the voltage at which it is confirmed through an experiment, or the like, in advance that
reduction of SOx occurs. For example, as the first voltage V1, before the sweep process
is actually executed, the applied voltage Vs is gradually increased from the applied voltage
that is known to be lower than the first voltage V1 (for example, the ordinary voltage VO
for detecting the concentration of oxygen), and the applied voltage Vs at the time when it

is confirmed on the basis of the output current Is that reduction of SOx is occurring can be
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used.

[0068] The embodied system detects a value due to the concentration of SOx
(DEFis in FIG. 4, AREAis in FIG. 6 or tan6is in FIG 7) in process of detecting the
concentration of SOx in exhaust gas. Because this value is in a one-to-one
correspondence with the concentration of SOx, this value substantially indicates the
concentration of SOx. Therefore, a target to be detected by the embodied system (the
concentration of SOx) can translate to at least one of the concentration of SOx in exhaust
gas or a value that is in a one-to-one correspondence with the concentration of SOx.

[0069] An example of detection at the time when the above-described detection
method is actually applied to the engine 10 will be described with reference to FIG. 8 and
FIG. 9. In this example, the embodied system executes the sweep process during a
specific period (between time t1 and time t2) after the timing at which a condition
(described later in detail) for detecting the concentration of SOx in exhaust gas is satisfied,
and detects the concentration of SOx in exhaust gas.

[0070] Specifically, at time t0 in FIG. 8, the air-fuel ratio of exhaust gas changes
on the basis of a required output, or the like, of the engine 10 irrespective of the detected
concentration of SOx. At time t0, in order to measure the air-fuel ratio of exhaust gas
with the use of the sensor 61, the applied voltage Vs to the sensor 61 is set to the ordinary
voltage VO. The output current Is of the sensor 61 at time t0 is a value 10 corresponding
to the air-fuel ratio of exhaust gas.

[0071] After that, at the predetermined timing, the embodied system increases the
applied voltage Vs from the ordinary voltage VO to the first voltage V1 in order to start the
sweep process. At time tl in the graph, the applied voltage Vs reaches the first voltage
V1 (see point A in the graph). In this example, the embodied system executes the sweep
process while keeping the air-fuel ratio afl of exhaust gas at time tl. That is, the
embodied system controls the engine 10 so that the air-fuel ratio of exhaust gas during
execution of the sweep process is kept at the constant value afl (for example, the operating
state of the engine 10 at time t1 is kept as it is). Point A, point B and point C in the graph
respectively correspond to point A, point B and point C in each of FIG. 4, FIG. 6 and FIG. 7. -
However, different from the examples shown in FIG. 4, FIG. 6 and FIG. 7, in this example,
the air-fuel ratio at timing other than during execution of the sweep process is not
specifically controlled to a constant value.

[0072] The embodied system executes the sweep process during the period from
time t] to time t2. Specifically, the embodied system gradually reduces the applied

voltage Vs from the first voltage V1 to the second voltage V2 at a constant rate while
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keeping the air-fuel ratio of exhaust gas at the constant value afl. | The embodied system
records the waveform of output current Is during the sweep process (the waveform that
connects point A to point C via point B) in the RAM of the electronic control unit 71. In
this example, the second voltage V2 is set to the same voltage as the ordinary voltage VO.

[0073] The embodied system calculates the peak value Ipeak (see point B in the
graph) on the basis of the output currents Is recorded in the RAM. In addition, the
embodied system uses the output current Is at time t2 as the reference value Iref (see point
C in the graph). At time t2, the sweep process completes. The embodied system
calculates the absolute value DEFis of the difference between the peak value Ipeak and the
reference value Iref. The embodied system detects the concentration Csox of SOx in
exhaust gas by applying the absolute value DEFis of the difference to a map that expresses
the correlation between the absolute value DEFis of the difference and the concentration of
SOx in exhaust gas (which is recorded in the ROM of the electronic control unit 71, and
see FIG. 5).

[0074] After the sweep process completes (after time t2), the applied voltage Vs
is kept at the ordinary voltage VO, and the air-fuel ratio of exhaust gas is detected again.
After time t2, the air-fuel ratio of exhaust gas changes on the basis of the required output,
and the like, of the engine 10 again.

[0075] After the embodied system calculates the absolute value DEFis of the
above-described difference, the embodied system may use the absolute value DEFis of the
difference itself in a process (for example, an alarm for informing a high concentration of*
SOx or measurement of the concentration of sulfur in fuel) as a value that is in a
one-to-one correspondence with the concentration of SOx without obtaining the
concentration Csox of SOx.

[0076] Another detection example will be described. The embodied system
does not necessarily need to detect the concentration of SOx as shown in FIG. 8. For
example, as shown in FIG. 9, the embodied system can set the second voltage V2 to an
applied voltage that does not coincide with the ordinary voltage VO. The second voltage
V2 is the applied voltage Vs at which the sweep process is completed. Specifically, in
this example, the embodied system momentarily monitors the output current Is that is
recorded in the RAM during the sweep process. The embodied system completes the
sweep process at any timing after the output of the peak value Ipeak has been confirmed.

The applied voltage Vs at the time when the embodied system completes the sweep

~ process in this way is the second voltage V2 (see point C in graph).

[0077] In this example, there is a possibility that the output current Is at time t2 at
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which the sweep process completes includes not only the output component due to the
air-fuel ratio of exhaust gas but also the output component due to the concentration of SOx.
Therefore, the output current Is at the completion (time t2 in FIG. 8) of the sweep process
cannot be used as the reference value Iref unlike the example of detection shown in FIG. 8.
Therefore, in this example, an output current during the sweep process, measured by
another oxygen concentration sensor (not shown) different from the sensor 61, or an output
current that is obtained by applying the air-fuel ratio of exhaust gas, estimated from the
operating state of the engine 10 during the sweep process, to the map shown in FIG. 3B is
used as the reference value Iref. When another sensor is used, in order to increase the
detection accuracy of the concentration of SOX, it is desirable that the output characteristic
of the other sensor and the output characteristic of the sensor 61 be the same or the output
current of the other sensor be converted (corrected) to the output current of the sensor 61
and used.

[0078] In this example of detection, the process of detecting the concentration of
SOx can be complicated as compared to the example of detection shown in FIG. 8.
However, this example of detection is advantageous in that the length of time during which
the sweep process is executed is shortened as compared to the example of detection shown
in FIG. 8.

[0079] In addition, the embodied system can use an air-fuel ratio, other than the
air-fuel ratio afl of exhaust gas at the start (time t1) of the sweep process, as the air-fuel
ratio (the concentration of oxygen) in exhaust gas during the sweep process. For example,
a preset single fixed value, a value selected from among a plurality of prepared fixed
values, or the like, can be used as the air-fuel ratio of exhaust gas during the sweep
process.

[0080]  As described above, the waveform of the output current Is during the
sweep process occurs as a result of reoxidation of sulfur accumulated in the sensor 61.
Therefore, the concentration of SOx in exhaust gas, which is detected by the embodied
system, strictly indicates the concentration of SOx in exhaust gas at the timing at which
sulfur is accumulated in the sensor 61 (at the start of the sweep process). On the other
hand, depending on the configuration, arrangement, and the like, of the sensor 61, a certain
length of time may be required in order to sufficiently accumulate sulfur having a
sufficient amount for detecting the concentration of SOx. In this case, the concentration
of SOx, which is detected by the embodied system, indicates the average value of the
concentration of SOx in exhaust gas during a period during which sulfur is accumulated in

the sensor 61.
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[0081] An actual operation of the embodied system will be described with
reference to FIG. 10. In the embodied system, the CPU of the electronic control unit 71
executes a routine shown in FIG 10, executes the sweep process while controlling the
engine 10 so that the air-fuel ratio (the concentration of oxygen) of exhaust gas is kept at a
constant value, and detects the concentration of SOx in exhaust gas.

[0082] Specifically, the CPU executes the routine of detecting the concentration

of SOx in FIG. 10 each time a predetermined time elapses. When the process of the
routine is started, the CPU proceeds to step 1005, and determines whether the condition for
detecting the concentration of SOx is satisfied at present timing. In this example, the
condition is satisfied when the engine 10 is operated in a steady state and the concentration
of SOx has not been detected once from when a vehicle on which the engine 10 is mounted
is refueled last time to the present timing. '
' [0083] When the above condition is satisfied, the CPU makes affirmative
determination in step 1005, and proceeds to step 1010. In this step, the CPU transmits, to
the sensor 61 (to the sensor control unit 61F), a command signal for increasing the applied
voltage Vs to the sensor 61 to the first voltage V1. In accordance with the command
signal, the sensor 61 increases the applied voltage Vs to the first voltage V1. Before
transmitting the command signal, the CPU transmits, to the sensor 61, a command signal
for keeping the applied voltage Vs at the ordinary voltage VO.

[0084] Subsequently, the CPU proceeds to step 1015. In this step, the CPU
starts control for keeping the concentration of oxygen in exhaust gas at a constant value.
In this example, the CPU keeps the air-fuel ratio of exhaust gas by, while considering the
intake air amount, adjusting a fuel injection amount so that the air-fuel ratio (the
concentration of oxygen) of exhaust gas is kept at the present timing (the start timing of the
sweep process). Thus, the constant value in this example is the value of the concentration
of oxygen in exhaust gas at the timing at which the sweep process is started. Because the
concentration of oxygen in exhaust gas (air-fuel ratio) is stabilized through this control,
this control is also referred to as stabilizing control.

[0085] Subsequently, the CPU proceeds to step 1020. In this step, while the
CPU transmits, to the sensor 61, a command signal for gradually reducing the applied
voltage Vs from the first voltage V1 to the second voltage V2, the CPU records, in the
RAM, the waveform of output current Is received from the sensor 61. In this example,
the second voltage V2 is set to the same voltage as the ordinary voltage VO.

[0086] Subsequently, the CPU proceeds to step 1025. In this step, the CPU
records, in the RAM, the output current Is at the timing at which the applied voltage Vs has
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reached the second voltage V2 (= ordinary voltage V0) as the reference value Iref. After
that, the CPU proceeds to step 1030, and completes stabilizing control.

[0087] Subsequently, the CPU proceeds to step 1035. In this step, the CPU
calculates the peak value Ipeak of the output current Is on the basis of the waveform of
output current Is during the sweep process. The waveform of output current Is is
recorded in the RAM. For example, the CPU calculates the rate of change in the output
current Is at intervals of a predetermined time from the start timing of the sweep process,
and calculates the output current Is at the timing at which the rate of change is zero (the
timing at which the rate of change is inverted from a positive value to a negative value) as
the peak value Ipeak. Alternatively, for example, the CPU may calculate a minimum
value among the output currents Is (sample values) recorded in the RAM as the peak value
Ipeak.

[0088] Subsequently, the CPU proceeds to step 1040. In this step, the CPU
calculates the absolute value DEFis of the difference between the peak value Ipeak and the
reference value Iref. The CPU proceeds to step 1045. In this step, the CPU identifies
the concentration Csox of SOx by applying the calculated absolute value DEFis of the
difference to a lookup table (Map (DEFis) in the flowchart) that expresses the correlation
between the concentration Csox of SOx and the absolute value DEFis of the
above-described difference. That is, in step 1045, the concentration Csox of SOx is
detected. ‘

[0089] After that, the CPU proceeds to step 1095, and once ends the routine.
When the condition for detecting the concentration of SOx is not satisfied at the time when

step 1005 of the routine is executed, the CPU makes negative determination in step 1005,

~ directly proceeds to step 1095, and ends the routine.

[0090] In this way, the embodied system executes the sweep process while
controlling the engine 10 so that the concentration of oxygen in exhaust gas (air-fuel ratio)
is kept at a constant value, and identifies (detects) the concentration Csox of SOx in
exhaust gas on the basis of the reference value Iref and the waveform of output current Is
of the sensor 61 during the sweep process. Thus, the embodied system is able to
accurately detect the concentration Csox of SOx in exhaust gas while excluding the
influence of components other than SOx in exhaust gas (for example, oxygen and H,O) as
much as possible.

[0091] The invention is not limited to the above-described embodiment. Various
alternative embodiments may be employed within the scope of the invention. For

example, the sensor 61 included in the engine 10 to which the embodied system is applied
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is a single-cell sensor having the single sensor cell 61D. Instead, the engine 10 may
include a sensor having a plurality of the sensor cells 61D (for example, dual-cell sensor)
instead of the sensor 61.

[0092]  FIG. 11 1s a schematic view that shows the schematic configuration of the
dual-cell sensor. As shown in the drawing, the dual-cell sensor 62 includes a sensor cell
62D1 and a sensor cell 62D2. The sensor cell 62D1 includes a solid electrolyte layer
62A1, a measuring electrode 62B1 and a reference electrode 62C1. The sensor cell 62D2
includes a solid electrolyte layer 62A2, a measuring electrode 62B2 and a reference
electrode 62C2. The sensor cell 62D1 is also referred to as upstream-side cell. The
sensor cell 62D2 is also referred to as downstream-side cell.

[0093]  The dual-cell sensor 62 further includes a diffusion-controlling layer 62E,
a sensor control unit 62F, a first alumina layer 62G, a second alumina layer 62H, a third
alumina layer 621, a fourth alumina layér 62J, a fifth alumina layer 62K, a sixth alumina
layer 621 and a heater 62M. In addition, an atmosphere introduction passage 62N and an
internal space 620 are formed in the dual-cell sensor 62. The dual-cell sensor 62, as well
as the sensor 61 (see FIG. 2), just needs to be provided at the exhaust manifold 43.

[0094] After the dual-cell sensor 62 discharges oxygen in exhaust gas to the
outside of the internal space 61N with the use of the upstream-side cell 62D1, the dual-cell
sensor 62 is able to detect the concentration of SOx in exhaust gas with the use of the
downstream-side cell 62D2. Thus, when the concentration of SOX is detected by the
dual-cell sensor 62, the output component due to oxygen is not substantially included in
the output current of the downstream-side cell 62D2. Therefore, in comparison with the
case where the single-cell sensor is used (in.the case of the embodied system), the
influence of a change in the concentration of oxygen in exhaust gas on detection of the
concentration of SOx is small. However, even with the dual-cell sensor 62, there is a case
where oxygen in exhaust gas is not completely removed by the upstream-side cell 62D1
and oxygen is slightly included in exhaust gas toward the downstream-side cell 62D2.
Therefore, by applying the control system or method according to the invention to the
engine including the dual-cell sensor 62, it is possible to accurately detect the
concentration of SOx.

[0095] In addition, the engine 10 to which the embodied system is applied is a
gasoline engine; however, the control system or method according to the invention may
also be applied to a diesel engine.

[0096] The embodied system uses a method of keeping the operating state of the

engine 10 at the start timing of the sweep process up to the completion timing of the sweep
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process as control for keeping the air-fuel ratio (the concentration of oxygen) in exhaust
gas during the sweep process at a constant value (stabilizing control) (see step 1015 in FIG. |
10). With this method, it is not necessarily required to momentarily acquire the air-fuel
ratio of exhaust gas during the sweep process. However, the system according to the
invention may control the engine 10 so that the air-fuel ratio of exhaust gas is subjected to
feedback control while the air-fuel ratio of exhaust gas during the sweep process is
momentarily acquired as stabilizing control. For example, the embodied system can use a
method of executing feedback control over the fuel injection amount so that, after the
intake air amount is determined on the basis of the required output of the engine 10, the
air-fuel ratio of exhaust gas coincides with a constant value. In the case where the engine
10 is a diesel engine, the system according to the invention can use a method of adjusting
the intake air amount, the EGR amount, and the like, so that, after the fuel injection amount
is determined on the basis of the required output of the engine 10, the air-fuel ratio of
exhaust gas coincides with a constant value as stabilizing control. In the case where the
engine 10 1s used in combination with a motor, or the like (for example, in the case where
the engine 10 is mounted on a hybrid vehicle), the system according to the invention can
use a method of compensating for an insufficient amount of output with the motor while
controlling the engine 10 so that the air-fuel ratio of exhaust gas is kept at a constant value.
[0097] The system according to the invention can be configured to estimate the
amount of a sulfur component (the concentration of sulfur) that is contained in fuel on the
basis of the concentration of SOx in exhaust gas. The concentration of sulfur in fuel
generally depends on the type, or the like, of fuel. Therefore, the concentration of SOx in
exhaust gas just needs to be acquired each time fuel is supplied to the engine from the

viewpoint of estimating the concentration of sulfur in fuel.
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CLAIMS:

1. A control system for an internal combustion engine including a limiting current
sensor, the limiting current sensor capable of detecting a concentration of oxygen in
exhaust gas, the control system comprising:

an electronic control unit configured to:

(1) detect a concentration of SOx in exhaust gas;

(11) control the internal combustion engine such that the concentration of oxygen
in exhaust gas is kept at a constant value;

(ii1) execute a sweep process for gradually reducing an applied voltage to the
limiting current sensor from a first voltage to a second voltage, the first voltage being

a voltage at which sulfur is produced as a result of reduction of SOx in the limiting

current sensor, the second voltage being a voltage at which sulfur is oxidized into

SOx in the limiting current sensor; and

(iv) detect the concentration of SOx in exhaust gas based on a waveform of
output current of the limiting current sensor during execution of the sweep process
and a reference value, the reference value being a value of limiting current of the
limiting current sensor, the value of limiting current of the limiting current sensor

corresponding to the concentration of oxygen having the constant value.

2. The control system according to claim 1, wherein

the second voltage coincides with an applied voltage that is used when the
concentration of oxygen in exhaust gas is detected, and

the reference value is a value of output current of the limiting current sensor at timing
at which the applied voltage to the limiting current sensor is reduced to the second voltage

in the sweep process.

3. The control system according to claim 1, wherein

the electronic control unit is configured to prestore a correlation between the
concentration of oxygen in exhaust gas and the value of limiting current, and

the reference value is a value of limiting current, which is obtained by applying the

concentration of oxygen having the constant value to the correlation.

4. The control system according to any one of claims 1 to 3, wherein

the electronic control unit is configured to use an extreme value of output current of
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the limiting current sensor during execution of the sweep process as a value indicating a
characteristic of the waveform of the output current,

the electronic control unit is configured to detect the concentration of SOx in exhaust
gas such that the concentration of SOx increases as the absolute value of a difference
between the extreme value and the reference value increases, and

the second voltage is an applied voltage lower than an applied voltage at which the

extreme value is output.

5. A control method for an internal combustion engine including a limiting current
sensor, the limiting current sensor capable of detecting a concentration of oxygen in
exhaust gas, the control method comprising:

detecting a concentration of SOx in exhaust gas;

controlling the internal combustion engine such that the concentration of oxygen in
exhaust gas is kept at a constant value;

executing a sweep process for gradually reducing an applied voltage to the limiting
current sensor from a first voltage to a second voltage, the first voltage being a voltage at
which sulfur is produced as a result of reduction of SOx in the limiting current sensor, the
second voltage being a voltage at which sulfur is oxidized into SOx in the limiting current
sensor; and

detecting the concentration of SOx in exhaust gas based on a waveform of output
current of the limiting current sensor during execution of the sweep process and a reference
value, the reference value being a value of limiting current of the limiting current sensor,
the value of limiting current of the limiting current sensor corresponding to the

concentration of oxygen having the constant value.
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