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(57) ABSTRACT

A gas sensor includes a sensor element and a control unit for
controlling the sensor element. The sensor element includes
a main pump cell, an auxiliary pump cell, a measurement
pump cell, and a reference electrode, wherein, in the main
pump cell, a repeatedly on-off controlled main pump current
is applied so that an auxiliary pump current flowing through
the auxiliary pump cell is at a predetermined target current
value, and, in the auxiliary pump cell, the auxiliary pump
current is applied so that an electromotive force between an
inner auxiliary pump electrode and the reference electrode is
at a predetermined target voltage value. The control unit
includes: a control power supply for applying the repeatedly
on-off controlled main pump current; and a setting part for
setting the target voltage value based on an electric potential
difference generated between the inner main pump electrode
and the reference electrode.
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GAS SENSOR AND CONTROL METHOD OF
GAS SENSOR

CROSS-REFERENCE TO RELATED
APPLICATION

[0001] The present application claims priority from Japa-
nese application JP2021-205382, filed on Dec. 17, 2021, the
contents of which is hereby incorporated by reference into
this application.

BACKGROUND OF THE INVENTION

Technical Field of the Invention

[0002] The present invention relates to a gas sensor and a
control method of the gas sensor.

Background Art

[0003] A gas sensor is used for detection or measurement
of concentration of an objective gas component (oxygen O,,
nitrogen oxide NOx, ammonia NH;, hydrocarbon HC, car-
bon dioxide CO,, etc.) in a measurement-object gas, such as
exhaust gas of automobile. For example, conventionally, the
concentration of the objective gas component in exhaust gas
of an automobile is measured, and an exhaust gas cleaning
system mounted on the automobile is optimally controlled
based on the measurement.

[0004] As such a gas sensor, a gas sensor using an oxygen
ion conductive solid electrolyte such as zirconia (ZrO,) is
known. For example, WO 2020/196653 A1 discloses a gas
sensor having a main pump cell and an auxiliary pump cell
that pump out oxygen, and a measurement pump cell that
pumps out oxygen produced from the specific gas. When the
gas sensor detects NOx as a specific gas, an oxygen partial
pressure in a measurement-object gas is controlled to such a
low level that does not substantially affect NOx measure-
ment by the main pump cell and the auxiliary pump cell.
NOx in the measurement-object gas whose oxygen partial
pressure has been controlled is reduced in the measurement
electrode, and a resulting oxygen is pumped out by the
measurement pump cell to be detected as a current value.
[0005] WO 2020/196653 Al also discloses that at least
one pump cell of the one or more pump cells provided in the
gas sensor pumps out the oxygen by applying a repeatedly
on-off controlled pump current (a pulse current). WO 2020/
196653 Al discloses that thereby a change in the catalytic
activity of an electrode due to use of the gas sensor can be
suppressed.

CITATION LIST

Patent Document

[0006] Patent Document 1: WO 2020/196653 Al
SUMMARY OF THE INVENTION
Problems to be Solved by the Invention
[0007] With the tightening of automobile exhaust emis-

sion regulations and the like, a gas sensor is required to
accurately measure even a lower-concentration target gas to
be measured. Here, the low concentration means a concen-
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tration of, for example, about lower than 500 ppm, lower
than 400 ppm, lower than 300 ppm, lower than 200 ppm, or
lower than 100 ppm.

[0008] For example, in the conventional gas sensor dis-
closed in WO 2020/196653 Al, the oxygen partial pressure
in a measurement-object gas is controlled to such a low level
that does not substantially affect the measurement of a target
gas to be measured (e.g., NOx) by the main pump cell and
the auxiliary pump cell so that the measurement-object gas
containing a predetermined low concentration of oxygen and
the target gas to be measured reaches the measurement
electrode. Then, oxygen generated at the measurement elec-
trode from the target gas to be measured in the measure-
ment-object gas is pumped out by the measurement pump
cell so that a current value depending on the concentration
of the target gas to be measured is detected.

[0009] However, when the target gas to be measured is at
a concentration as low as about 10 to 500 ppm, there is a case
where a detection value varies. As a result of studies by the
present inventors, it has been revealed that there is a case
where the amount of oxygen in the measurement-object gas
that reaches the measurement electrode varies for some
reason during the driving of the measurement-object gas gas
sensor so that a current value detected in the measurement
pump cell varies. When the amount of oxygen in the
measurement-object gas that reaches the measurement elec-
trode varies, a current value detected in the measurement
pump cell varies (shifts) irrespective of the concentration of
the target gas to be measured. It has been found that this may
affect measurement accuracy particularly when the concen-
tration of the target gas to be measured in the measurement-
object gas is low.

[0010] It is therefore an object of the present invention to
accurately measure even a low-concentration target gas to be
measured. Specifically, it is an object of the present inven-
tion to accurately measure a target gas to be measured in a
wide concentration range including a low-concentration
target gas to be measured.

Means for Solving the Problems

[0011] As a result of intensive studies, the present inven-
tors have found that even a low-concentration target gas to
be measured can accurately be measured by controlling the
concentration of oxygen in a measurement-object gas to be
a predetermined concentration with higher accuracy accord-
ing to the present invention described below.

[0012] The present invention includes the following
aspects.
[0013] (1) A gas sensor for detecting a target gas to be

measured in a measurement-object gas, the gas sensor
comprising a sensor element and a control unit for control-
ling the sensor element, wherein

[0014]

[0015] abase part in an elongated plate shape, includ-
ing an oxygen-ion-conductive solid electrolyte layer;

[0016] a measurement-object gas flow part formed
from one end part in a longitudinal direction of the
base part;

[0017] a main pump cell that includes: an inner main
pump electrode disposed on an inner surface of the
measurement-object gas flow part; and an outer main
pump electrode disposed at a position different from

the sensor element comprises:
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the measurement-object gas flow part on the base
part and corresponding to the inner main pump
electrode;

[0018] an auxiliary pump cell that includes: an inner
auxiliary pump electrode disposed at a position far-
ther from the one end part in the longitudinal direc-
tion of the base part than the inner main pump
electrode on the inner surface of the measurement-
object gas flow part; and an outer auxiliary pump
electrode disposed at a position different from the
measurement-object gas flow part on the base part
and corresponding to the inner auxiliary pump elec-
trode;

[0019] a measurement pump cell that includes: an
inner measurement electrode disposed at a position
farther from the one end part in the longitudinal
direction of the base part than the inner auxiliary
pump electrode on the inner surface of the measure-
ment-object gas flow part; and an outer measurement
electrode disposed at a position different from the
measurement-object gas flow part on the base part
and corresponding to the inner measurement elec-
trode; and

[0020] a reference electrode disposed inside the base
part to be in contact with a reference gas,

[0021] wherein, in the main pump cell, a repeatedly
on-off controlled main pump current is applied so
that an auxiliary pump current flowing through the
auxiliary pump cell is at a predetermined target
current value, and

[0022] in the auxiliary pump cell, the auxiliary pump
current is applied so that an electromotive force
between the inner auxiliary pump electrode and the
reference electrode is at a predetermined target volt-
age value, and

[0023] the control unit comprises:

[0024] a control power supply for applying the
repeatedly on-off controlled main pump current in
the main pump cell; and

[0025] a setting part for setting the target voltage
value in the auxiliary pump cell,

[0026] wherein the setting part obtains an electric
potential difference generated between the inner
main pump electrode and the reference electrode,
and sets the target voltage value in the auxiliary
pump cell based on the electric potential difference.

[0027] (2) The gas sensor according to the above (1),
wherein the setting part obtains the electric potential differ-
ence generated between the inner main pump electrode and
the reference electrode in an off period in which the main
pump current does not flow by the control power supply in
the main pump cell.

[0028] (3) The gas sensor according to the above (1) or (2),
wherein the setting part obtains the electric potential differ-
ence generated between the inner main pump electrode and
the reference electrode in a stable period in which the main
pump current does not flow by the control power supply in
the main pump cell and the electric potential difference does
not change due to the main pump current that was flowing.
[0029] (4) The gas sensor according to any one of the
above (1) to (3), wherein

[0030] the control power supply comprises a pulse power
supply for cyclically turning the main pump current on and
off, and
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[0031] the setting part obtains the electric potential differ-
ence generated between the inner main pump electrode and
the reference electrode in each cycle T of the pulse power
supply at a predetermined time point included in an off
period in which the main pump current does not flow by the
pulse power supply during the cycle T.

[0032] (5) A control method of a gas sensor for detecting
a target gas to be measured in a measurement-object gas, the
gas sensor comprising a sensor element and a control unit for
controlling the sensor element, wherein

[0033] the sensor element comprises:

[0034] abase part in an elongated plate shape, including
an oxygen-ion-conductive solid electrolyte layer;

[0035] ameasurement-object gas flow part formed from
one end part in a longitudinal direction of the base part;

[0036] a main pump cell that includes: an inner main
pump electrode disposed on an inner surface of the
measurement-object gas flow part; and an outer main
pump electrode disposed at a position different from the
measurement-object gas flow part on the base part and
corresponding to the inner main pump electrode;

[0037] an auxiliary pump cell that includes: an inner
auxiliary pump electrode disposed at a position farther
from the one end part in the longitudinal direction of
the base part than the inner main pump electrode on the
inner surface of the measurement-object gas flow part;
and an outer auxiliary pump electrode disposed at a
position different from the measurement-object gas
flow part on the base part and corresponding to the
inner auxiliary pump electrode;

[0038] ameasurement pump cell that includes: an inner
measurement electrode disposed at a position farther
from the one end part in the longitudinal direction of
the base part than the inner auxiliary pump electrode on
the inner surface of the measurement-object gas flow
part; and an outer measurement electrode disposed at a
position different from the measurement-object gas
flow part on the base part and corresponding to the
inner measurement electrode; and

[0039] a reference electrode disposed inside the base
part to be in contact with a reference gas, and

[0040] the control unit comprises:

[0041] a control power supply for applying a repeat-
edly on-off controlled main pump current in the main
pump cell, and

[0042] the control method comprising:

[0043] a setting step of obtaining an electric potential
difference generated between the inner main pump
electrode and the reference electrode, and setting a
target voltage value of an electromotive force
between the inner auxiliary pump electrode and the
reference electrode in the auxiliary pump cell based
on the electric potential difference; and

[0044] an oxygen concentration adjusting step of
controlling the control power supply to apply the
repeatedly on-off controlled main pump current in
the main pump cell so that an auxiliary pump current
flowing through the auxiliary pump cell is at a
predetermined target current value, and applying the
auxiliary pump current in the auxiliary pump cell so
that an electromotive force between the inner auxil-
iary pump electrode and the reference electrode is at
the target voltage value.
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[0045] (6) The control method according to the above (5),
wherein, in the setting step, the electric potential difference
generated between the inner main pump electrode and the
reference electrode is obtained in an off period in which the
main pump current does not flow by the control power
supply in the main pump cell.
[0046] (7) The control method according to the above (5)
or (6), wherein, in the setting step, the electric potential
difference generated between the inner main pump electrode
and the reference electrode is obtained in a stable period in
which the main pump current does not flow by the control
power supply in the main pump cell and the electric potential
difference does not change due to the main pump current that
was flowing.
[0047] (8) The control method according to any one of the
above (5) to (7), wherein
[0048] the control power supply comprises a pulse
power supply for cyclically turning the main pump
current on and off, and
[0049] in the setting step, the electric potential differ-
ence generated between the inner main pump electrode
and the reference electrode is obtained in each cycle T
of'the pulse power supply at a predetermined time point
included in an off period in which the main pump
current does not flow by the pulse power supply during
the cycle T.

Advantageous Effect of the Invention

[0050] According to the present invention, it is possible to
accurately measure even a low-concentration target gas to be
measured. Specifically, according to the present invention, it
is possible to accurately measure a target gas to be measured
in a wide concentration range including a low-concentration
target gas to be measured.

BRIEF DESCRIPTION OF THE DRAWINGS

[0051] FIG. 1 is a vertical sectional schematic view in the
longitudinal direction, showing one example of a general
configuration of a gas sensor 100.

[0052] FIG. 2 is a block diagram showing electric con-
nections between the control unit 90 and respective pump
cells 21, 50, and 41, respective sensor cells 80, 81, 82, and
83, and a heater part 70 of the sensor element 101.

[0053] FIG. 3 is a flow chart showing one example of
detecting process of NOx concentration in the gas sensor
100.

[0054] FIG. 4 is a graph schematically showing temporal
changes in a main pump current Ip0 and an electric potential
difference V0 when the main pump current Ip0 flows in the
positive direction. FIG. 4(1) is a graph schematically show-
ing a temporal change in the main pump current Ip0. The
horizontal axis of the graph represents time t and the vertical
axis of the graph represents the main pump current Ip0. FIG.
4(2) is a graph schematically showing a temporal change in
the electric potential difference V0. The horizontal axis of
the graph represents time t and the vertical axis of the graph
represents the electric potential difference V0.

[0055] FIG. 5 is a graph schematically showing temporal
changes in the main pump current Ip0 and the electric
potential difference V0 when the main pump current Ip0
flows in the negative direction. FIG. 5(1) is a graph sche-
matically showing a temporal change in the main pump
current Ip0. The horizontal axis of the graph represents time
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t and the vertical axis of the graph represents the main pump
current Ip0. FIG. 5(2) is a graph schematically showing a
temporal change in the electric potential difference V0. The
horizontal axis of the graph represents time t and the vertical
axis of the graph represents the electric potential difference
Vo.

[0056] FIG. 6 is a graph schematically showing an
example where the main pump current Ip0 is a burst pulse
current. The horizontal axis of the graph represents time t
and the vertical axis of the graph represents the main pump
current Ip0.

MODES FOR CARRYING OUT OF THE
INVENTION

[0057] A gas sensor of the present invention includes a
sensor element and a control unit for controlling the sensor
element.

[0058] The sensor element contained in the gas sensor of
the present invention includes:

[0059] a base part in an elongated plate shape, including
an oxygen-ion-conductive solid electrolyte layer;

[0060] a measurement-object gas flow part formed from
one end part in a longitudinal direction of the base part;
[0061] a main pump cell that includes: an inner main
pump electrode disposed on an inner surface of the mea-
surement-object gas flow part; and an outer main pump
electrode disposed at a position different from the measure-
ment-object gas flow part on the base part and corresponding
to the inner main pump electrode;

[0062] an auxiliary pump cell that includes: an inner
auxiliary pump electrode disposed at a position farther from
the one end part in the longitudinal direction of the base part
than the inner main pump electrode on the inner surface of
the measurement-object gas flow part; and an outer auxiliary
pump electrode disposed at a position different from the
measurement-object gas flow part on the base part and
corresponding to the inner auxiliary pump electrode;
[0063] a measurement pump cell that includes: an inner
measurement electrode disposed at a position farther from
the one end part in the longitudinal direction of the base part
than the inner auxiliary pump electrode on the inner surface
of the measurement-object gas flow part; and an outer
measurement electrode disposed at a position different from
the measurement-object gas flow part on the base part and
corresponding to the inner measurement electrode; and
[0064] a reference electrode disposed inside the base part
to be in contact with a reference gas,

[0065] wherein, in the main pump cell, a repeatedly on-off
controlled main pump current is applied so that an auxiliary
pump current flowing through the auxiliary pump cell is at
a predetermined target current value, and

[0066] in the auxiliary pump cell, the auxiliary pump
current is applied so that an electromotive force between the
inner auxiliary pump electrode and the reference electrode is
at a predetermined target voltage value.

[0067] The control unit contained in the gas sensor of the
present invention includes:

[0068] a control power supply for applying the repeatedly
on-off controlled main pump current in the main pump cell;
and

[0069] a setting part for setting the target voltage value in
the auxiliary pump cell,

[0070] wherein the setting part obtains an electric potential
difference generated between the inner main pump electrode
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and the reference electrode, and sets the target voltage value
in the auxiliary pump cell based on the electric potential
difference.

[0071] The control power supply includes a pulse power
supply and the like.

[0072] Hereinafter, an example of an embodiment of a gas
sensor of the present invention will be described in detail.
[0073] [General Configuration of Gas Sensor]

[0074] The gas sensor of the present invention will now be
described with reference to the drawings. FIG. 1 is a vertical
sectional schematic view in the longitudinal direction, show-
ing one example of a general configuration of a gas sensor
100 including a sensor element 101. Hereinafter, based on
FIG. 1, the upper side and the lower side in FIG. 1 are
respectively defined as top and bottom, and the left side and
the right side in FIG. 1 are respectively defined as a front end
side and a rear end side.

[0075] In FIG. 1, the gas sensor 100 represents one
example of a NOx sensor that detects NOx in a measure-
ment-object gas by the sensor element 101, and measures the
concentration of NOx.

[0076] Further, the gas sensor 100 includes a control unit
90 for controlling the sensor element 101. The control unit
90 includes a pulse power supply 24 as one example of a
control power supply for applying a repeatedly on-off con-
trolled main pump current Ip0 in a main pump cell 21 as will
be described later. FIG. 2 is a block diagram showing
electric connections between the control unit 90 and the
sensor element 101.

[0077] (Sensor Element)

[0078] The sensor element 101 is an element in an elon-
gated plate shape, including a base part 102 having such a
structure that a plurality of oxygen-ion-conductive solid
electrolyte layers are layered. The elongated plate shape also
called a long plate shape or a belt shape. The base part 102
has such a structure that six layers, namely, a first substrate
layer 1, a second substrate layer 2, a third substrate layer 3,
a first solid electrolyte layer 4, a spacer layer 5, and a second
solid electrolyte layer 6, are layered in this order from the
bottom side, as viewed in the drawing. Each of the six layers
is formed of an oxygen-ion-conductive solid electrolyte
layer containing, for example, zirconia (ZrO,). The solid
electrolyte forming these six layers is dense and gastight.
These six layers all may have the same thickness, or the
thickness may vary among the layers. The layers are adhered
to each other with an adhesive layer of a solid electrolyte
interposed therebetween, and the base part 102 includes the
adhesive layer. While a layer configuration composed of the
six layers is illustrated in FIG. 1, the layer configuration in
the present invention is not limited to this, and any number
of layers and any layer configuration are possible.

[0079] The sensor element 101 is manufactured, for
example, by stacking ceramic green sheets corresponding to
the individual layers after conducting predetermined pro-
cessing, printing of circuit pattern and the like, and then
firing the stacked ceramic green sheets so that they are
combined together.

[0080] A gas inlet 10 is formed between the lower surface
of the second solid electrolyte layer 6 and the upper surface
of the first solid electrolyte layer 4 in one end part in the
longitudinal direction (hereinafter, referred to as a front end
part) of the sensor element 101. A measurement-object gas
flow part 15 is formed in such a form that a first diffusion-
rate limiting part 11, a buffer space 12, a second diffusion-
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rate limiting part 13, a first internal cavity 20, a third
diffusion-rate limiting part 30, a second internal cavity 40, a
fourth diffusion-rate limiting part 60, and a third internal
cavity 61 communicate in this order in the longitudinal
direction from the gas inlet 10.

[0081] The gas inlet 10, the buffer space 12, the first
internal cavity 20, the second internal cavity 40, and the
third internal cavity 61 constitute internal spaces of the
sensor element 101. Each of the internal spaces is provided
in such a manner that a portion of the spacer layer 5 is
hollowed out, and the top of each of the internal spaces is
defined by the lower surface of the second solid electrolyte
layer 6, the bottom of each of the internal spaces is defined
by the upper surface of the first solid electrolyte layer 4, and
the lateral surface of each of the internal spaces is defined by
the lateral surface of the spacer layer 5.

[0082] Each of the first diffusion-rate limiting part 11, the
second diffusion-rate limiting part 13, and the third diffu-
sion-rate limiting part 30 is provided as two laterally elon-
gated slits (having the longitudinal direction of the openings
in the direction perpendicular to the figure in FIG. 1). Each
of the first diffusion-rate limiting part 11, and the second
diffusion-rate limiting part 13 may be in such a form that a
desired diffusion resistance is created, but the form is not
limited to the slits.

[0083] The fourth diffusion-rate limiting part 60 is pro-
vided as a single laterally elongated slit (having the longi-
tudinal direction of the opening in the direction perpendicu-
lar to the figure in FIG. 1) between the spacer layer 5 and the
second solid electrolyte layer 6. The fourth diffusion-rate
limiting part 60 may be in such a form that a desired
diffusion resistance is created, but the form is not limited to
the slit.

[0084] Also, at a position farther from the front end than
the measurement-object gas flow part 15, a reference gas
introduction space 43 is disposed between the upper surface
of the third substrate layer 3 and the lower surface of the
spacer layer 5 at a position where the reference gas intro-
duction space 43 is laterally defined by the lateral surface of
the first solid electrolyte layer 4. The reference gas intro-
duction space 43 has an opening in the other end part
(hereinafter, referred to as a rear end part) of the sensor
element 101. As a reference gas for NOxX concentration
measurement, for example, air is introduced into the refer-
ence gas introduction space 43.

[0085] An air introduction layer 48 is a layer formed of
porous alumina, and is so configured that a reference gas is
introduced into the air introduction layer 48 via the reference
gas introduction space 43. The air introduction layer 48 is
formed to cover a reference electrode 42.

[0086] The reference electrode 42 is an electrode sand-
wiched between the upper surface of the third substrate layer
3 and the first solid electrolyte layer 4, and as described
above, the air introduction layer 48 leading to the reference
gas introduction space 43 is disposed around the reference
electrode 42. That is, the reference electrode 42 is disposed
to be in contact with a reference gas via the air introduction
layer 48 which is a porous material, and the reference gas
introduction space 43. As will be described later, the refer-
ence electrode 42 can be used to measure the oxygen
concentration (oxygen partial pressure) in the first internal
cavity 20, the second internal cavity 40, and the third
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internal cavity 61. The reference electrode 42 is formed as
a porous cermet electrode (e.g., a cermet electrode of Pt and
7r0,).

[0087] Inthe measurement-object gas flow part 15, the gas
inlet 10 is open to the external space, and the measurement-
object gas is taken into the sensor element 101 from the
external space through the gas inlet 10.

[0088] In the present embodiment, the measurement-ob-
ject gas flow part 15 is in such a form that the measurement-
object gas is introduced through the gas inlet 10 that is open
on the front end surface of the sensor element 101, however,
the present invention is not limited to this form. For
example, the measurement-object gas flow part 15 need not
have a recess of the gas inlet 10. In this case, the first
diffusion-rate limiting part 11 substantially serves as a gas
inlet.

[0089] Forexample, the measurement-object gas flow part
15 may have an opening that communicates with the buffer
space 12 or a position near the buffer space 12 of the first
internal cavity 20, on a lateral surface along the longitudinal
direction of the base part 102. In this case, the measurement-
object gas is introduced from the lateral surface along the
longitudinal direction of the base part 102 through the
opening.

[0090] Further, for example, the measurement-object gas
flow part 15 may be so configured that the measurement-
object gas is introduced through a porous body.

[0091] The first diffusion-rate limiting part 11 creates a
predetermined diffusion resistance to the measurement-ob-
ject gas taken through the gas inlet 10.

[0092] The buffer space 12 is provided to guide the
measurement-object gas introduced from the first diffusion-
rate limiting part 11 to the second diffusion-rate limiting part
13.

[0093] The second diffusion-rate limiting part 13 creates a
predetermined diffusion resistance to the measurement-ob-
ject gas introduced into the first internal cavity 20 from the
buffer space 12.

[0094] It suffices that the amount of the measurement-
object gas to be introduced into the first internal cavity 20
falls within a predetermined range. That is, it suffices that a
predetermined diffusion resistance is created in a whole
from the front end part of the sensor element 101 to the
second diffusion-rate limiting part 13. For example, the first
diffusion-rate limiting part 11 may directly communicate
with the first internal cavity 20, or the buffer space 12 and
the second diffusion-rate limiting part 13 may be absent.

[0095] The buffer space 12 is provided to mitigate the
influence of pressure fluctuation on the detected value when
the pressure of the measurement-object gas fluctuates.

[0096] When the measurement-object gas is introduced
from outside the sensor element 101 into the first internal
cavity 20, the measurement-object gas, which is rapidly
taken through the gas inlet 10 into the sensor element 101
due to pressure fluctuation of the measurement-object gas in
the external space (pulsations in exhaust pressure if the
measurement-object gas is automotive exhaust gas), is not
directly introduced into the first internal cavity 20. Rather,
the measurement-object gas is introduced into the first
internal cavity 20 after the pressure fluctuation of the
measurement-object gas is eliminated through the first dif-
fusion-rate limiting part 11, the buffer space 12, and the
second diffusion-rate limiting part 13. Thus, the pressure
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fluctuation of the measurement-object gas introduced into
the first internal cavity 20 becomes almost negligible.
[0097] The first internal cavity 20 is provided as a space
for adjusting the oxygen partial pressure in the measure-
ment-object gas introduced through the second diffusion-
rate limiting part 13. The oxygen partial pressure is adjusted
by operation of the main pump cell 21.

[0098] The main pump cell 21 is an electrochemical pump
cell including an inner main pump electrode 22 disposed on
an inner surface of the measurement-object gas flow part 15,
and an outer main pump electrode (in this embodiment, an
outer pump electrode 23) disposed at a position different
from the measurement-object gas flow part 15 on the base
part 102 (in FIG. 1, on an outer surface of the base part 102)
and corresponding to the inner main pump electrode 22. The
phrase “corresponding to the inner main pump electrode 22
means that the outer pump electrode 23 and the inner main
pump electrode 22 are provided with the second solid
electrolyte layer 6 being interposed therebetween.

[0099] That is, the main pump cell 21 is an electrochemi-
cal pump cell composed of the inner main pump electrode 22
having a ceiling electrode portion 22a disposed over sub-
stantially the entire surface of the lower surface of the
second solid electrolyte layer 6 that faces the first internal
cavity 20, the outer pump electrode 23 disposed on a region
of the upper surface of the second solid electrolyte layer 6
that corresponds to the ceiling electrode portion 224 so as to
be exposed to the external space, and the second solid
electrolyte layer 6 sandwiched between the inner main pump
electrode 22 and the outer pump electrode 23.

[0100] The inner main pump electrode 22 is formed to
span the upper and lower solid electrolyte layers (the second
solid electrolyte layer 6 and the first solid electrolyte layer
4) that define the first internal cavity 20 and the spacer layer
5 that defines the lateral wall. Specifically, the ceiling
electrode portion 224 is formed on the lower surface of the
second solid electrolyte layer 6 that defines the ceiling
surface of the first internal cavity 20, and a bottom electrode
portion 225 is formed on the upper surface of the first solid
electrolyte layer 4 that defines the bottom surface of the first
internal cavity 20. Also, lateral electrode portions (not
shown) are formed on the lateral wall surfaces (inner sur-
face) of the spacer layer 5 that form both lateral wall parts
of the first internal cavity 20 so as to connect the ceiling
electrode portion 22a and the bottom electrode portion 225.
Thus, the inner main pump electrode 22 is provided as a
tunnel-like structure in the area where the lateral electrode
portions are disposed.

[0101] The inner main pump electrode 22 and the outer
pump electrode 23 are porous cermet electrodes (electrodes
in a state that a metal component and a ceramic component
are mixed). The ceramic component to be used is not
particularly limited, but is preferably an oxygen-ion-con-
ductive solid electrolyte as in the case of the base part 102.
For example, ZrO2 can be used as the ceramic component.
[0102] The inner main pump electrode 22 to be in contact
with a measurement-object gas is formed using a material
having a weakened reducing ability with respect to a NOx
component in the measurement-object gas. The inner main
pump electrode 22 preferably contains a noble metal having
catalytic activity (e.g., at least one of Pt, Rh, Ir, Ru, and Pd)
and a noble metal (e.g., Au, Ag) that reduces the catalytic
activity of a noble metal having catalytic activity with
respect to a target gas to be measured (in this embodiment,
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NOx). In this embodiment, the inner main pump electrode
22 is formed as a porous cermet electrode made of Pt
containing 1% of Au and ZrO,.

[0103] The outer pump electrode 23 may contain the
above-described noble metal having catalytic activity. Simi-
larly, the reference electrode 42 may contain the above-
described noble metal having catalytic activity. In this
embodiment, the outer pump electrode 23 is formed as a
porous cermet electrode made of Pt and ZrO,.

[0104] In the main pump cell 21, the pulse power supply
24 as an example of the control power supply applies the
main pump current Ip0 between the inner main pump
electrode 22 and the outer pump electrode 23 in a positive
direction or a negative direction, and thus it is possible to
pump out oxygen in the first internal cavity 20 to the external
space or pump oxygen into the first internal cavity 20 from
the external space. Here, the direction of an arrow of the
main pump current Ip0 in FIG. 1 is defined as a positive
direction.

[0105] In this embodiment, the pulse power supply 24 as
the control power supply is configured as a current supply.
The pulse power supply 24 applies the repeatedly on-off
controlled main pump current Ip0, that is, an intermittent
main pump current Ip0 between the inner main pump
electrode 22 and the outer pump electrode 23. The pulse
power supply 24 is configured to be able to apply the
intermittent main pump current Ip0 in either positive or
negative direction. The structure of the pulse power supply
24 can appropriately be determined by those skilled in the
art. For example, as the pulse power supply 24, a pulse
power supply that can generate a pulse current in both
directions may be used or two or more pulse power supplies
that generate a pulse current in one direction may be used in
combination.

[0106] To detect the oxygen concentration (oxygen partial
pressure) in the atmosphere in the first internal cavity 20, the
inner main pump electrode 22, the second solid electrolyte
layer 6, the spacer layer 5, the first solid electrolyte layer 4,
the third substrate layer 3, and the reference electrode 42
form an electrochemical sensor cell, namely, an oxygen-
partial-pressure detection sensor cell 80 for main pump
control.

[0107] The oxygen concentration (oxygen partial pres-
sure) in the first internal cavity 20 can be detected from an
electromotive force V0 measured in the oxygen-partial-
pressure detection sensor cell 80 for main pump control.
[0108] The third diffusion-rate limiting part 30 creates a
predetermined diffusion resistance to the measurement-ob-
ject gas whose oxygen concentration (oxygen partial pres-
sure) has been controlled in the first internal cavity 20 by the
operation of the main pump cell 21 described below, and
guides the measurement-object gas into the second internal
cavity 40.

[0109] The second internal cavity 40 is provided as a
space for adjusting the oxygen partial pressure in the mea-
surement-object gas introduced through the third diffusion-
rate limiting part 30 more accurately. The oxygen partial
pressure is adjusted by operation of the auxiliary pump cell
50.

[0110] After the oxygen concentration (oxygen partial
pressure) in the measurement-object gas is adjusted in
advance in the first internal cavity 20, the measurement-
object gas is introduced through the third diffusion-rate
limiting part 30, and is further subjected to adjustment of the
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oxygen partial pressure by the auxiliary pump cell 50 in the
second internal cavity 40. Thus, the oxygen concentration in
the second internal cavity 40 can be kept constant with high
accuracy, and the NOx concentration can be measured with
high accuracy in the gas sensor 100.

[0111] The auxiliary pump cell 50 is an electrochemical
pump cell including an inner auxiliary pump electrode (in
this embodiment, the auxiliary pump electrode 51) disposed
at a position farther from the front end portion in the
longitudinal direction of the base part 102 than the inner
main pump electrode 22 on the inner surface of the mea-
surement-object gas flow part 15, and an outer auxiliary
pump electrode disposed at a position different from the
measurement-object gas flow part 15 on the base part 102
and corresponding to the inner auxiliary pump electrode. In
this embodiment, the outer pump electrode 23 disposed on
the outer surface of the base part 102 functions also as the
outer auxiliary pump electrode. The phrase “corresponding
to the inner auxiliary pump electrode” means that the outer
pump electrode 23 and the auxiliary pump electrode 51 are
provided with the second solid electrolyte layer 6 being
interposed therebetween.

[0112] That is, the auxiliary pump cell 50 is an auxiliary
electrochemical pump cell composed of the auxiliary pump
electrode 51 having a ceiling electrode portion 51a disposed
on substantially the entire surface of lower surface of the
second solid electrolyte layer 6 facing with the second
internal cavity 40, the outer pump electrode 23 (the outer
electrode is not limited to the outer pump electrode 23, but
may be any suitable electrode outside the sensor element
101), and the second solid electrolyte layer 6.

[0113] This auxiliary pump electrode 51 is disposed in the
second internal cavity 40 in a tunnel-like structure similar to
the inner main pump electrode 22 disposed in the first
internal cavity 20 described previously. Specifically, in the
tunnel-like structure, the ceiling electrode portion 51a is
formed on the second solid electrolyte layer 6 that defines
the ceiling surface of the second internal cavity 40, a bottom
electrode portion 515 is formed on the first solid electrolyte
layer 4 that defines the bottom surface of the second internal
cavity 40, and lateral electrode portions (not shown) con-
necting the ceiling electrode portion 51a¢ and the bottom
electrode portion 515 are formed on the wall surfaces of the
spacer layer 5 that define the lateral walls of the second
internal cavity 40.

[0114] It is to be noted that the auxiliary pump electrode
51 is formed using a material having a weakened ability to
reduce a NOx component in the measurement-object gas, as
with the case of the inner main pump electrode 22. The
auxiliary pump electrode 51, as with the case of the inner
main pump electrode 22, preferably contains a noble metal
having catalytic activity (e.g., at least one of Pt, Rh, Jr, Ru,
and Pd) and a noble metal (e.g., Au, Ag) that reduces the
catalytic activity of a noble metal having catalytic activity
with respect to a target gas to be measured (in this embodi-
ment, NOXx). In this embodiment, the auxiliary pump elec-
trode 51 is formed as a porous cermet electrode made of Pt
containing 1% of Au and ZrO,.

[0115] Inthe auxiliary pump cell 50, by applying a desired
voltage Vpl between the auxiliary pump electrode 51 and
the outer pump electrode 23 by a variable power supply 52,
it is possible to pump out oxygen in the atmosphere in the
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second internal cavity 40 to the external space, or pump the
oxygen into the second internal cavity 40 from the external
space.

[0116] To control the oxygen partial pressure in the atmo-
sphere in the second internal cavity 40, the auxiliary pump
electrode 51, the reference electrode 42, the second solid
electrolyte layer 6, the spacer layer 5, the first solid elec-
trolyte layer 4, and the third substrate layer 3 constitute an
electrochemical sensor cell, namely, an oxygen-partial-pres-
sure detection sensor cell 81 for auxiliary pump control.
[0117] In the main pump cell 21, the repeatedly on-off
controlled main pump current Ip0 is applied so that an
auxiliary pump current Ipl flowing through the auxiliary
pump cell 50 is at a predetermined target current value to
adjust oxygen concentration in the measurement-object gas
to a concentration to be adopted in the auxiliary pump cell
50, that is, a concentration to be introduced into the second
internal cavity 40.

[0118] In the auxiliary pump cell 50, the auxiliary pump
current Ipl is applied so that an electromotive force V1
between the auxiliary pump electrode 51 and the reference
electrode 42 is at a predetermined target voltage value to
adjust oxygen concentration in the measurement-object gas
to a concentration to be adopted in a measurement pump cell
41 that will be described later, that is, a concentration to be
introduced into the third internal cavity 61.

[0119] The auxiliary pump cell 50 performs pumping with
the variable power supply 52 whose voltage is controlled on
the basis of the electromotive force V1 detected by the
oxygen-partial-pressure detection sensor cell 81 for auxil-
iary pump control. Thus, the oxygen partial pressure in the
atmosphere in the second internal cavity 40 is controlled to
such a low partial pressure that does not substantially affect
measurement of NOx.

[0120] In addition, the auxiliary pump current Ip1 is used
for control of the pulse power supply 24 of the main pump
cell 21. Specifically, the auxiliary pump current Ipl or a
control signal based on the auxiliary pump current Ipl is
input to the pulse power supply 24, the main pump current
Ip0 is applied by controlling the pulse power supply 24, and
thus, in the main pump cell 21, oxygen in the first internal
cavity 20 is pumped out to the external space or oxygen in
the external spaces pumped into the first internal cavity 20.
[0121] By operating the main pump cell 21 and the
auxiliary pump cell 50 in this manner, the gradient of the
oxygen partial pressure in the measurement-object gas intro-
duced into the second internal cavity 40 from the third
diffusion-rate limiting part 30 is controlled to remain con-
stant. In using as a NOx sensor, the oxygen concentration in
the second internal cavity 40 is kept at a predetermined
concentration by the actions of the main pump cell 21 and
the auxiliary pump cell 50. The oxygen concentration in the
second internal cavity 40 may be kept at, for example, about
0.1 ppm or less, 0.01 ppm or less, 0.001 ppm or less, or
0.0001 ppm. In this embodiment, the oxygen concentration
in the second internal cavity 40 is kept at a constant value of
about 0.001 ppm.

[0122] The fourth diffusion-rate limiting part 60 creates a
predetermined diffusion resistance to the measurement-ob-
ject gas whose oxygen concentration (oxygen partial pres-
sure) has been controlled to further low in the second
internal cavity 40 by the operation of the auxiliary pump cell
50, and guides the measurement-object gas into the third
internal cavity 61.
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[0123] The third internal cavity 61 is provided as a space
for measuring nitrogen oxide (NOX) concentration in the
measurement-object gas introduced through the fourth dif-
fusion-rate limiting part 60. By the operation of the mea-
surement pump cell 41, NOx concentration is measured.
[0124] The measurement pump cell 41 is an electrochemi-
cal pump cell including an inner measurement electrode (in
this embodiment, a measurement electrode 44) disposed at
a position farther from the front end portion in the longitu-
dinal direction of the base part 102 than the inner auxiliary
pump electrode (in this embodiment, the auxiliary pump
electrode 51) on the inner surface of the measurement-object
gas flow part 15, and an outer measurement electrode
disposed at a position different from the measurement-object
gas flow part 15 on the base part 102 and corresponding to
the inner measurement electrode. In this embodiment, the
outer pump electrode 23 disposed on the outer surface of the
base part 102 functions also as the outer measurement
electrode. The phrase “corresponding to the inner measure-
ment electrode” means that the outer pump electrode 23 and
the measurement electrode 44 are provided with the second
solid electrolyte layer 6, the spacer layer 5, and the first solid
electrolyte layer 4 being interposed therebetween.

[0125] That is, the measurement pump cell 41 is an
electrochemical pump cell composed of the measurement
electrode 44 disposed on the upper surface of the first solid
electrolyte layer 4 facing with the third internal cavity 61,
the outer pump electrode 23 (the outer electrode is not
limited to the outer pump electrode 23, but may be any
suitable electrode outside the sensor element 101), the
second solid electrolyte layer 6, the spacer layer 5, and the
first solid electrolyte layer 4. The measurement pump cell 41
measures NOx concentration in the measurement-object gas
in the third internal cavity 61.

[0126] The measurement electrode 44 is a porous cermet
electrode. The measurement electrode 44 functions also as a
NOx reduction catalyst that reduces NOx present in the
atmosphere in the third internal cavity 61. The measurement
electrode 44 is an electrode containing a noble metal having
catalytic activity (e.g., at least one of Pt, Rh, Jr, Ru, and Pd).
It is preferred that the measurement electrode 44 does not
contain a noble metal (e.g., Au, Ag) that reduces the catalytic
activity of a noble metal having catalytic activity with
respect to a target gas to be measured (in this embodiment,
NOx). In this embodiment, the measurement electrode 44 is
formed as a porous cermet electrode made of Pt and Rh, and
7rO,.

[0127] To detect the oxygen partial pressure around the
measurement electrode 44, the second solid electrolyte layer
6, the spacer layer 5, the first solid electrolyte layer 4, the
third substrate layer 3, the measurement electrode 44, and
the reference electrode 42 constitute an electrochemical
sensor cell, namely an oxygen-partial-pressure detection
sensor cell 82 for measurement pump control. A variable
power supply 46 is controlled on the basis of an electromo-
tive force V2 detected by the oxygen-partial-pressure detec-
tion sensor cell 82 for measurement pump control.

[0128] The measurement-object gas introduced into the
second internal cavity 40 reaches the measurement electrode
44 in the third internal cavity 61 through the fourth diffu-
sion-rate limiting part 60 under the condition that the oxygen
partial pressure is controlled. Nitrogen oxide in the mea-
surement-object gas around the measurement electrode 44 is
reduced (2NO—N,+0,) to generate oxygen. The generated
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oxygen is to be pumped by the measurement pump cell 41,
and at this time, a voltage Vp2 of the variable power supply
46 is controlled so that the electromotive force V2 detected
by the oxygen-partial-pressure detection sensor cell 82 for
measurement pump control is constant. Since the amount of
oxygen generated around the measurement electrode 44 is
proportional to the concentration of nitrogen oxide in the
measurement-object gas, nitrogen oxide concentration in the
measurement-object gas is calculated by using a measure-
ment pump current Ip2 in the measurement pump cell 41.

[0129] Also, the second solid electrolyte layer 6, the
spacer layer 5, the first solid electrolyte layer 4, the third
substrate layer 3, the outer pump electrode 23, and the
reference electrode 42 constitute an electrochemical sensor
cell 83, and it is possible to detect the oxygen partial
pressure in the measurement-object gas outside the sensor
by an electromotive force Vref obtained by the sensor cell
83.

[0130] The sensor element 101 further includes a heater
part 70 that functions as a temperature regulator of heating
and maintaining the temperature of the sensor element 101
so as to enhance the oxygen ion conductivity of the solid
electrolyte. The heater part 70 includes a heater electrode 71,
a heater 72, a heater lead 76, a through hole 73, a heater
insulating layer 74, and a pressure relief vent 75.

[0131] The heater electrode 71 is an electrode formed in
contact with the lower surface of the first substrate layer 1.
The power can be supplied to the heater part 70 from the
outside by connecting the heater electrode 71 with a heater
power supply 77 that is an external power supply.

[0132] The heater 72 is an electrical resistor sandwiched
by the second substrate layer 2 and the third substrate layer
3 from top and bottom. The heater 72 is connected with the
heater electrode 71 via a heater lead 76 that connects with
the heater 72 and extends in the rear end side in the
longitudinal direction of the sensor element 101, and the
through hole 73. The heater 72 is externally powered
through the heater electrode 71 to generate heat, and heats
and maintains the temperature of the solid electrolyte form-
ing the sensor element 101.

[0133] The heater 72 is embedded over the whole area
from the first internal cavity 20 to the third internal cavity 61
so that the temperature of the entire sensor element 101 can
be adjusted to such a temperature that activates the solid
electrolyte. The temperature may be adjusted so that the
main pump cell 21, the auxiliary pump cell 50, and the
measurement pump cell 41 are operable. It is not necessary
that the whole area is adjusted to the same temperature, but
the sensor element 101 may have temperature distribution.
[0134] In the sensor element 101 of the present embodi-
ment, the heater 72 is embedded in the base part 102, but this
form is not limitative. The heater 72 may be disposed to heat
the base part 102. That is, the heater 72 may heat the sensor
element 101 to develop oxygen ion conductivity with which
the main pump cell 21, the auxiliary pump cell 50, and the
measurement pump cell 41 are operable. For example, the
heater 72 may be embedded in the base part 102 as in the
present embodiment. Alternatively, for example, the heater
part 70 may be formed as a heater substrate that is separate
from the base part 102, and may be disposed at a position
adjacent to the base part 102.

[0135] The heater insulating layer 74 is formed of an
insulator such as alumina on the upper and lower surfaces of
the heater 72 and the heater lead 76. The heater insulating
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layer 74 is formed to ensure electrical insulation between the
second substrate layer 2, and the heater 72 and the heater
lead 76, and electrical insulation between the third substrate
layer 3, and the heater 72 and the heater lead 76.

[0136] The pressure relief vent 75 extends through the
third substrate layer 3 so that the heater insulating layer 74
and the reference gas introduction space 43 communicate
with each other. The pressure relief vent 75 can mitigate an
increase in internal pressure due to temperature rise in the
heater insulating layer 74. The pressure relief vent 75 may
be absent.

[0137] The above-described sensor element 101 is incor-
porated into the gas sensor 100 in such a form that the front
end part of the sensor element 101 comes into contact with
the measurement-object gas, and the rear end part of the
sensor element 101 comes into contact with the reference

gas.
[0138] (Control Unit)
[0139] The gas sensor 100 of this embodiment includes

the sensor element 101 described above and the control unit
90 for controlling the sensor element 101. In the gas sensor
100, each of the electrodes 22, 23, 51, 44, and 42 of the
sensor element 101 is electrically connected to the control
unit 90 through a lead wire not shown. FIG. 2 is a block
diagram showing electric connections between the control
unit 90 and the respective pump cells 21, 50, and 41, the
respective sensor cells 80, 81, 82, and 83, and the heater part
70 of the sensor element 101. The control unit 90 includes
the above-described pulse power supply 24 as an example of
the control power supply, the above-described variable
power supplies 46 and 52, the heater power supply 77, and
a control part 91. The control part 91 includes a drive control
part 92, a concentration calculating part 93, and a setting part
94.

[0140] The control part 91 is realized by a general-purpose
or dedicated computer, and functions as the drive control
part 92, the concentration calculating part 93, and the setting
part 94 are realized by a CPU, a memory or the like installed
in the computer. It is to be noted that when NOx contained
in exhaust gas from the engine of a car is a target gas to be
measured by the gas sensor 100 and the sensor element 101
is attached to an exhaust gas path, some or all of the
functions of the control unit 90 (especially, the control unit
91) may be realized by an electronic control unit (ECU)
installed in the car.

[0141] The control part 91 is configured to acquire an
electromotive force (V0, V1, V2, Vref) in each of the sensor
cells 80, 81, 82, and 83, a pump current (Ip0, Ip1, Ip2) in
each of the pump cells 21, 50, and 41, and a heater voltage
Vh and a heater current 111 in the heater part 70 of the sensor
element 101. Further, the control part 91 is configured to
output control signals to the pulse power supply 24 as an
example of the control power supply, the variable power
supplies 52 and 46, and the heater power supply 77.
[0142] The drive control part 92 is configured to control
the heater part 70, the main pump cell 21, the auxiliary pump
cell 50, and the measurement pump cell 41 so that the gas
sensor 100 can measure the concentration of the target gas
to be measured (in this embodiment, NOx).

[0143] The drive control part 92 heats the heater 72, and
maintains the temperature of the heater 72 at a desired
temperature.

[0144] In order to heat the heater 72, known various
control methods can be used. For example, the heater 72
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may be heated by applying a certain voltage to the heater 72.
The output of the heater power supply 77 may be controlled
on the basis of the resistance value of the heater 72.
Alternatively, the output of the heater power supply 77 may
be controlled on the basis of at least one of resistance values
in the main pump cell 21, the auxiliary pump cell 50, and the
measurement pump cell 41.

[0145] For example, the drive control part 92 performs
feedback control of a control signal output to the heater
power supply 77 on the basis of a heater resistance value Rh
(=VWIh) calculated from the heater voltage Vh and the
heater current Ih in the heater 72 so that the heater 72 reaches
a target temperature.

[0146] The drive control part 92 activates the main pump
cell 21 and the auxiliary pump cell 50 in conjunction with
each other. Specifically, the drive control part 92 performs
control to apply the repeatedly on-off controlled main pump
current Ip0 in the main pump cell 21 so that the auxiliary
pump current Ip1 flowing through the auxiliary pump cell 50
is at a predetermined target current value (referred to as a
target current value Ipl..,) and to apply the auxiliary pump
current Ipl in the auxiliary pump cell 50 so that the
electromotive force V1 between the auxiliary pump elec-
trode 51 and the reference electrode 42 is at a predetermined
target voltage value (referred to as a target voltage value
V]‘SET)'

[0147] Specifically, the drive control part 92 performs
feedback control of the pump voltage Vpl of the variable
power supply 52 in the auxiliary pump cell 50 so that the
electromotive force V1 in the oxygen-partial-pressure detec-
tion sensor cell 81 for auxiliary pump control is at the target
voltage value V1., The oxygen partial pressure in the
atmosphere in the second internal cavity 40 is thereby
controlled to be a low partial pressure that does not sub-
stantially affect measurement of NOx.

[0148] In addition to that, the drive control part 92 feed-
back controls the main pump current Ip0 of the pulse power
supply 24 of the main pump cell 21 based on the auxiliary
pump current Ipl in the auxiliary pump cell 50 so that the
auxiliary pump current Ipl is at a constant value (target
current value Ipl..,). The target current value Ipl ., can
appropriately be determined by those skilled in the art, but
may generally be in the range of 1 to 20 pA. That is, the main
pump cell 21 is controlled so that the electromotive force V1
is at the target voltage value V1., as a result of applying a
constant auxiliary pump current Ipl in the auxiliary pump
cell 50. Therefore, in the main pump cell 21, the oxygen
partial pressure (oxygen concentration) near the inner main
pump electrode 22 is controlled to be a predetermined value.
Further, as a result, the main pump current Ip0 in the main
pump cell 21 changes depending on the concentration of
oxygen in the measurement-object gas.

[0149] The drive control part 92 performs feedback con-
trol of the pump voltage Vp2 of the variable power supply
46 in the measurement pump cell 41 so that the electromo-
tive force V2 detected in the oxygen-partial-pressure detec-
tion sensor cell 82 for measurement pump control is at a
constant value (referred to as a target value V2,.,). In the
measurement electrode 44, nitrogen oxide in the measure-
ment-object gas is reduced (2NO—=N,+0,) to generate
oxygen. The drive control part 92 pumps the generated
oxygen out by the measurement pump cell 41 so that the
electromotive force V2 becomes the target value V2., The
target value V2., can be set as a value such that substan-
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tially all of NOx is decomposed at the measurement elec-
trode 44. By setting the target value V2., in this way,
substantially all of NOx in the measurement-object gas is
detected as a measurement pump current Ip2 in the mea-
surement pump cell 41. To be precise, the measurement
pump current Ip2 includes electric current generated by low
concentration of oxygen after control by the main pump cell
21 and the auxiliary pump cell 50, and electric current
generated by oxygen derived from NOx in the measurement-
object gas. By maintaining the oxygen concentration in the
measurement-object gas reaching the measurement elec-
trode 44 at a constant level as described above, oxygen
derived from NOx in the measurement-object gas can pre-
cisely be measured by the measurement pump current Ip2.
As a result, the measurement pump current Ip2 can be
detected as a current value corresponding to the concentra-
tion of NOx.

[0150] It is to be noted that the target current value Ipl
SET is stored as a set current value (a control current value)
in a memory of the control part 91 which functions as the
drive control part 92. The target voltage value V1., and the
target value V2., is stored as set voltage values (control
voltage values) in the memory of the control part 91 which
functions as the drive control part 92. On the basis of these
control values, a CPU of the control part 91 which functions
as the drive control part 92 performs the driving control of
the gas sensor 100.

[0151] The concentration calculating part 93 is configured
to calculate and output a NOx concentration in a measure-
ment-object gas.

[0152] The concentration calculating part 93 acquires the
measurement pump current Ip2 in the measurement pump
cell 41, calculates the NOx concentration in a measurement-
object gas on the basis of a previously-stored conversion
parameter (current-concentration conversion parameter)
between the measurement pump current Ip2 and the NOx
concentration in the measurement-object gas, and outputs
the NOx concentration as a measurement value of the gas
sensor 100. The current-concentration conversion parameter
is previously stored in the memory of the control part 91
which functions as the concentration calculating part 93. The
current-concentration conversion parameter may appropri-
ately be determined by those skilled in the art by, for
example, previously performing an experiment on the gas
sensor 100. The current-concentration conversion parameter
may be, for example, the coefficient of an approximate
expression (e.g., linear function) obtained by experiment or
a map showing the relationship between the measurement
pump current Ip2 and the NOx concentration in a measure-
ment-object gas. The current-concentration conversion
parameter may be specific to each individual gas sensor 100
or may be common to a plurality of gas sensors.

[0153] The setting part 94 obtains the electric potential
difference V0 generated between the inner main pump
electrode 22 and the reference electrode 42, and sets the
target voltage value V1., in the auxiliary pump cell 50
based on the electric potential difference V0. The setting part
94 obtains the electric potential difference V0 between the
inner main pump electrode 22 and the reference electrode 42
in the oxygen-partial-pressure detection sensor cell 80 for
main pump control, and calculates, based on the value of the
obtained electric potential difference V0, the target voltage
value V1., of the electromotive force V1 in the oxygen-
partial-pressure detection sensor cell 81 for auxiliary pump
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control used in the above-described drive control part 92.
The setting part 94 sets the calculated target voltage value
V1., as a set voltage value (control voltage value) in the
drive control part 92. The drive control part 92 performs the
above-described control based on the target voltage value
V1., set by the setting part 94.

[0154] The target voltage value V1., is set to a value
such that the concentration of oxygen near the auxiliary
pump electrode 51, that is, the concentration of residual
oxygen in the measurement-object gas that reaches the
measurement electrode 44 is at a predetermined value. As
described above, the drive control part 92 controls the main
pump cell 21 and the auxiliary pump cell 50 in conjunction
with each other. As a result, the concentration of oxygen near
the inner main pump electrode 22 is controlled to be constant
by the drive control part 92. That is, when the target voltage
value V1, 1s set to a value such that the concentration of
residual oxygen in the measurement-object gas that reaches
the measurement electrode 44 is at a predetermined value,
the concentration of oxygen near the inner main pump
electrode 22 resultantly becomes constant. Therefore, the
target voltage value V1., can be calculated based on the
electric potential difference V0 between the inner main
pump electrode 22 and the reference electrode 42 generated
depending on the concentration of oxygen near the inner
main pump electrode 22.

[0155] Specifically, the target voltage value V1. is cal-
culated based on the obtained electric potential difference
V0 and a target value calculation parameter previously
stored in the memory of the control part 91 that functions as
the setting part 94. The target value calculation parameter is,
for example, a parameter indicating the relationship between
the electric potential difference V0, the amount of a temporal
change in the electric potential difference V0, or a deviation
from the target value of the electric potential difference V0
(i.e., a deviation from the target value of the concentration
of oxygen near the inner main pump electrode 22) and the
value or change amount of the target voltage value V1.
The target value calculation parameter can appropriately be
determined by those skilled in the art by, for example,
previously performing an experiment on the gas sensor 100.
The target value calculation parameter may be, for example,
a relational expression or map obtained from an experimen-
tally-determined relationship between the concentration of
oxygen near the inner main pump electrode 22 and the
electric potential difference V0 or between the oxygen
concentration of the auxiliary pump electrode 51 and the
electromotive force V1.

[0156] [Detection of Concentration of Target Gas to be
Measured]
[0157] Next, a method for using the gas sensor 100 having

such a structure will be described. A detection method will
be described in which the concentration of the target gas to
be measured in the measurement-object gas is measured by
controlling the gas sensor 100.

[0158] A control method of the gas sensor of the present
embodiment includes:

[0159] a setting step of obtaining an electric potential
difference generated between the inner main pump electrode
and the reference electrode, and setting a target voltage
value of an electromotive force between the inner auxiliary
pump electrode and the reference electrode in the auxiliary
pump cell based on the electric potential difference; and
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[0160] an oxygen concentration adjusting step of control-
ling the control power supply to apply a repeatedly on-off
controlled main pump current in the main pump cell so that
an auxiliary pump current flowing through the auxiliary
pump cell is at a predetermined target current value, and
applying the auxiliary pump current in the auxiliary pump
cell so that an electromotive force between the inner auxil-
iary pump electrode and the reference electrode is at the
target voltage value.

[0161] FIG. 3 is a flow chart showing one example of
detecting process of NOx concentration in the gas sensor
100.

[0162] The detecting process of NOxX concentration is
started when, for example, the gas sensor 100 receives a start
signal (Dew point). When the gas sensor 100 is installed in
a car or the like, the start signal (Dew point) is, for example,
a signal sent from an ECU, an exhaust gas treatment system,
or the like of the car to the gas sensor 100. The detecting
process of NOx concentration may be started by, for
example, manually turning on the power supply of the
control unit 90.

[0163] When the detecting process of NOx concentration
is started, the drive control part 92 of the control part 91
starts to heat the heater 72 by the application of power to the
heater 72 (step S10), and the sensor element 101 is main-
tained at a driving temperature (e.g., about 800° C.) at which
the concentration of NOx is measured with high accuracy
due to the activation of the solid electrolyte.

[0164] Next, the drive control part 92 starts pump controls
for the main pump cell 21, the auxiliary pump cell 50, and
the measurement pump cell 41 (step S11). Specifically, the
drive control part 92 starts an oxygen concentration adjust-
ing step in which the drive control part 92 feedback controls
the pulse power supply 24 that is the control power supply
to apply the repeatedly on-off controlled main pump current
Ip0 in the main pump cell 21 so that the auxiliary pump
current Ip1 flowing through the auxiliary pump cell 50 is at
a predetermined target current value Ipl..,, and feedback
controls the variable power supply 52 to apply the auxiliary
pump current Ipl in the auxiliary pump cell 50 so that the
electromotive force V1 between the auxiliary pump elec-
trode 51 and the reference electrode 42 is at the target
voltage value V1. Further, the drive control part 92 starts
control of feedback controlling the variable power supply 46
to apply the measurement pump current Ip2 in the measure-
ment pump cell 41 so that the electromotive force V2
between the measurement electrode 44 and the reference
electrode 42 is at the target value V2.

[0165] The pump controls of the main pump cell 21, the
auxiliary pump cell 50, and the measurement pump cell 41
may all be started at the same time, or the pump control of
at least one of the pump cells may be started at a timing
different from the pump controls of the other pump cells.
The pump controls of all the pump cells may be started at
timings different from one another. The step S11 may be
performed after the sensor element 101 reaches the driving
temperature or may be performed at a temperature lower
than the driving temperature.

[0166] Then, the setting part 94 sets a predetermined target
voltage value V1., as a target voltage value V1., in the
drive control part 92 (Step S12). At the start of driving of the
gas sensor 100, a previously-determined target voltage value
V1g.,may be set. When the drive control part 92 has a target
voltage value V1., as an initial value, the next step may be
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performed without performing the step S12 at the start of
driving of the gas sensor 100. The target voltage value V1.,
can appropriately be determined by those skilled in the art as
a value such that the concentration of oxygen in the mea-
surement-object gas that reaches the measurement electrode
44 is at a level that does not affect the measurement of NOx.
[0167] In a state where the step S11 and the step S12 are
performed and the pump controls are continuously per-
formed, the measurement-object gas passes through the gas
inlet 10, the first diffusion-rate limiting part 11, the buffer
space 12, and the second diftfusion-rate limiting part 13 in
this order and reaches the first internal cavity 20, and the
oxygen concentration is adjusted to a concentration to be
adopted in the auxiliary pump cell 50, that is, a concentration
to be introduced in the second internal cavity 40 by the
action of the main pump cell 21. Then, the measurement-
object gas passes through the third diffusion-rate limiting
part 30 and reaches the second internal cavity 40, and the
oxygen concentration is further adjusted to a concentration
to be adopted in the measurement pump cell 41, that is, a
concentration to be introduced in the third internal cavity 61
by the action of the auxiliary pump cell 50. The measure-
ment-object gas whose oxygen concentration has been
adjusted to a constant low level by the main pump cell 21
and the auxiliary pump cell 50 passes through the fourth
diffusion-rate limiting part 60 and reaches the third internal
cavity 61. NOx in the measurement-object gas that has
reached the third internal cavity 61 is decomposed at the
measurement electrode 44, and the measurement pump
current Ip2 is applied in the measurement pump cell 41
depending on the amount of oxygen generated by the
decomposition of NOx.

[0168] Next, the concentration calculating part 93 obtains
the measurement pump current Ip2 in the measurement
pump cell 41, calculates the concentration of NOx in the
measurement-object gas based on the obtained measurement
pump current Ip2 and the previously-stored conversion
parameter (current-concentration conversion parameter)
between the measurement pump current Ip2 and the NOx
concentration in the measurement-object gas, and outputs a
detected value of the NOx concentration in the measure-
ment-object gas as a measurement value of the gas sensor
100 (Step S13). The NOx concentration detected value is
output as a measurement result of the gas sensor 100. The
step S13 is performed continuously or at a timing of output
of the gas sensor when the gas sensor 100 performs mea-
surement.

[0169] In parallel with the step S13, that is, in parallel with
the detection of the NOx concentration by the gas sensor
100, the setting part 94 performs the setting step in which an
electric potential difference V0 generated between the inner
main pump electrode 22 and the reference electrode 42 is
obtained and a target voltage value V1., of an electromo-
tive force V1 between the auxiliary pump electrode 51 and
the reference electrode 42 in the auxiliary pump cell 50 is set
based on the electric potential difference V0 (Steps S13 and
S23 to S25).

[0170] In this embodiment, the setting part 94 obtains the
electric potential difference V0 in the oxygen-partial-pres-
sure detection sensor cell 80 for main pump control (Step
S23). The setting part 94 determines whether or not the
obtained electric potential difference V0 is at a previously-
determined target value (Step S24). When the electric poten-
tial difference V0 is at a previously-determined target value,
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the setting part 94 continues to set the target voltage value
V1., at the time of obtaining the electric potential differ-
ence V0 as a control voltage value in the drive control part
92. The drive control part 92 continues the pump control in
a state where the target voltage value V1., at the time of
obtaining the electric potential difference V0 is kept. In this
case, the step S23 is again performed so that the setting part
94 obtains the electric potential difference V0 in the oxygen-
partial-pressure detection sensor cell 80 for main pump
control.

[0171] When the electric potential difference V0 deviates
from the previously-determined target value, the setting part
94 calculates a new target voltage value V1, based on the
value of the electric potential difference V0 or the value of
a deviation from the target value of the electric potential
difference V0 and the target value calculation parameter
previously stored in the memory of the control part 91 that
functions as the setting part 94 (Step S25). The setting part
94 sets the calculated new target voltage value V1., as a
control voltage value in the drive control part 92 (Step S12),
and the step S13 and the step S23 and the subsequent steps
are performed. By setting the new target voltage value
V1. r, the main pump cell 21 and the auxiliary pump cell 50
are controlled so that the electric potential difference VO is
at the target value.

[0172] By performing the above-described setting step in
which the setting part 94 sets a target voltage value V1.,
based on the electric potential difference V0, the concentra-
tion of oxygen near the auxiliary pump electrode 51 can
more accurately be controlled. As a result, even when the
concentration of NOx in the measurement-object gas is low,
the NOx concentration can accurately be measured.

[0173] The setting part 94 performs the setting step in
parallel in a state where the drive control part 92 performs
the pump controls and the concentration calculating part 93
outputs a detected value of the NOx concentration in the
measurement-object gas. Therefore, the concentration of
oxygen near the auxiliary pump electrode 51, that is, the
concentration of oxygen in the measurement-object gas that
reaches the measurement electrode 44 can more accurately
be controlled while the gas sensor 100 continues to measure
the target gas to be measured (in this embodiment, NOx) in
the measurement-object gas. As a result, the NOx concen-
tration can continuously and accurately be measured even
when the NOx concentration in the measurement-object gas
is low.

[0174] Here, the target voltage value V1, and the elec-
tric potential difference V0 will be described in detail.
[0175] Between the auxiliary pump electrode 51 and the
reference electrode 42, an electromotive force is generated
due to the difference in oxygen concentration between the
auxiliary pump electrode 51 and the reference electrode 42.
The reference electrode 42 is in contact with the reference
gas (in this embodiment, the air), and therefore the concen-
tration of oxygen near the reference electrode 42 can be
considered to be always constant. Therefore, the electromo-
tive force generated due to the difference in oxygen con-
centration between the auxiliary pump electrode 51 and the
reference electrode 42 is considered to be a value indicating
the partial pressure of oxygen near the auxiliary pump
electrode 51.

[0176] For example, in the conventional gas sensor dis-
closed in WO 2020/196653 Al, the partial pressure of
oxygen near the auxiliary pump electrode is controlled to be
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low by keeping the electromotive force between the auxil-
iary pump electrode and the reference electrode constant so
that the oxygen partial pressure in a measurement-object gas
is controlled to such a low level that does not substantially
affect the measurement of NOx. As such, it is disclosed that
the measurement-object gas whose oxygen concentration
has been controlled to be low in such a manner reaches the
measurement electrode, and a measurement pump current
depending on the NOx concentration is detected in the
measurement pump cell.

[0177] However, when the target gas to be measured is at
a concentration as low as about 10 to 500 ppm, there is a case
where a measured value (that is, the detected measurement
pump current Ip2) varies. As a result of studies by the
present inventors, it has been revealed that there is a case
where the amount of oxygen (residual oxygen) in the
measurement-object gas that reaches the measurement elec-
trode 44 varies for some reason during the driving of the
measurement-object gas gas sensor so that a value of the
measurement pump current [p2 detected in the measurement
pump cell 41 varies. When the amount of residual oxygen in
the measurement-object gas that reaches the measurement
electrode 44 varies, a value of the measurement pump
current Ip2 detected in the measurement pump cell 41 varies
(shifts) irrespective of the NOx concentration in the mea-
surement-object gas. It has been found that this may affect
measurement accuracy particularly when the concentration
of the target gas to be measured (in this embodiment, NOx)
in the measurement-object gas is low.

[0178] When the concentration of residual oxygen in the
measurement-object gas that reaches the measurement elec-
trode 44 after the oxygen concentration thereof is controlled
to be low by the main pump cell 21 and the auxiliary pump
cell 50 is constant, an electric current resulting from the
residual oxygen in the measurement pump current Ip2 is
constant. Therefore, the measurement pump current Ip2 is a
value that varies depending on the amount of oxygen
generated by reduction of NOx at the measurement electrode
44. That is, there is an almost linear correlation between the
measurement pump current Ip2 and the NOx concentration
in the measurement-object gas. As a result, in the measure-
ment pump cell 41, the measurement pump current Ip2
depending on the NOx concentration can be detected and the
NOx concentration can accurately be measured.

[0179] When the concentration of residual oxygen in the
measurement-object gas that reaches the measurement elec-
trode 44 changes, the change AO, in the concentration of
residual oxygen appears as a shift of the value of the
measurement pump current [p2 flowing through the mea-
surement pump cell 41 irrespective of the NOx concentra-
tion.

[0180] When a measurement-object gas containing a high
concentration of NOx is measured, the measurement pump
current Ip2 detected in the measurement pump cell 41 is
relatively large, and therefore a shift of the measurement
pump current Ip2 due to a change AO, in the concentration
of residual oxygen is relatively small. Therefore, high mea-
surement accuracy is considered to be maintained. On the
other hand, when a measurement-object gas containing a
low concentration of NOx is measured, the measurement
pump current Ip2 detected in the measurement pump cell 41
is relatively small, and therefore a shift of the measurement
pump current Ip2 due to a change AO, in the concentration
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of residual oxygen is relatively large, which tends to

increase a influence on measurement accuracy.

[0181] The measurement pump current Ip2 includes an

electric current resulting from residual oxygen in the mea-

surement-object gas that reaches the measurement electrode

44 and an electric current resulting from oxygen derived

from NOx in the measurement-object gas and generated at

the measurement electrode 44. However, the electric current
resulting from residual oxygen and the electric current
resulting from oxygen derived from NOx cannot separately
be measured. Therefore, particularly when a measurement-
object gas containing a low concentration of NOx is mea-
sured, it is important to make a change AQO, in the concen-
tration of residual oxygen sufficiently small, that is, to keep
the concentration of residual oxygen constant. By keeping
the concentration of residual oxygen constant, it is possible
to accurately detect oxygen derived from NOx in the mea-

surement-object gas in the measurement pump cell 41.

[0182] The present inventors have further studied the

cause of a change AO, in the concentration of residual

oxygen in the measurement-object gas that reaches the
measurement electrode44 and have found that, in a state
where the gas sensor 100 is driven, the electromotive force

V1 between the auxiliary pump electrode 51 and the refer-

ence electrode 42 includes not only the electromotive force

generated by the difference in oxygen concentration between
the auxiliary pump electrode 51 and the reference electrode

42 but also other factors.

[0183] According to the study by the present inventors, the

electromotive force V1 is considered to include

[0184] (1) a concentration difference electromotive force
V(oxygen) generated by the difference in oxygen concen-
tration between the auxiliary pump electrode 51 and the
reference electrode 42,

[0185] (2) a thermal electromotive force V(thermal) gen-
erated by the difference in temperature between the aux-
iliary pump electrode 51 and the reference electrode 42,
and

[0186] (3) an electric potential difference generated by
application of the auxiliary pump current Ipl to the
auxiliary pump electrode 51, that is, an electric potential
difference V(IR) generated by the auxiliary pump current
Ip1 and the resistance value of the auxiliary pump elec-
trode 51. Further, for example, when a reference gas
atmosphere near the reference electrode 42 is controlled
by pumping oxygen into the reference electrode 42, an
electric current flows also through the reference electrode
42. In this case, the electromotive force V1 is considered
to further include, in addition to the above, an electric
potential difference V(IR)' generated by the electric cur-
rent flowing through the reference electrode 42 and the
resistance value of the reference electrode 42.

[0187] Inorder to keep the partial pressure of oxygen near

the auxiliary pump electrode 51 constant, the (1) concen-

tration difference electromotive force V(oxygen) should be
made constant. When the (2) thermal electromotive force

V(thermal) and the (3) electric potential difference V(IR) are

constant, keeping the electromotive force V1 constant is to

keep the (1) concentration difference electromotive force

V(oxygen) constant.

[0188] However, when at least one of the (2) thermal

electromotive force V(thermal) and the (3) electric potential

difference V(IR) varies for some reason, the (1) concentra-
tion difference electromotive force V(oxygen) may vary
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even when the electromotive force V1 is controlled to be
constant. As a result, there is a fear that the partial pressure
of oxygen near the auxiliary pump electrode 51 varies. The
(2) thermal electromotive force V(thermal) and the (3)
electric potential difference V(IR) may vary due to, for
example, a change in the temperature of the measurement-
object gas or a change in the flow rate or flow velocity of the
measurement-object gas. Further, the resistance value of
each of the auxiliary pump electrode 51 and the reference
electrode 42 may change (usually increase) with time during
the use of the gas sensor. Also in such a case where the
resistance values of the electrodes change, the (2) thermal
electromotive force V(thermal) and the (3) electric potential
difference V(IR) may vary.

[0189] For example, when the proportion of the (2) ther-
mal electromotive force V(thermal) and the (3) electric
potential difference V(IR) in the electromotive force V1
increases, the (1) concentration difference electromotive
force V(oxygen) that should be controlled to be constant
relatively decreases. When the electromotive force V1 is
controlled at a constant value in such a state, the concen-
tration of oxygen near the auxiliary pump electrode 51 is
controlled to be higher than a target oxygen concentration.
That is, the concentration of residual oxygen in the mea-
surement-object gas that reaches the measurement electrode
44 is controlled to be higher.

[0190] On the other hand, when the proportion of the (2)
thermal electromotive force V(thermal) and the (3) electric
potential difference V(IR) in the electromotive force V1
decreases, the (1) concentration difference electromotive
force V(oxygen) that should be controlled to be constant
relatively increases. When the electromotive force V1 is
controlled at a constant value in such a state, the concen-
tration of oxygen near the auxiliary pump electrode 51 is
controlled to be lower than a target oxygen concentration.
That is, the concentration of residual oxygen in the mea-
surement-object gas that reaches the measurement electrode
44 is controlled to be lower.

[0191] As described above, the change AO, in the con-
centration of residual oxygen is considered to be influenced
by the change in the proportion of the (2) thermal electro-
motive force V(thermal) and the (3) electric potential dif-
ference V(IR) in the electromotive force V1.

[0192] The (2) thermal electromotive force V(thermal) can
be determined by, for example, measuring the electromotive
force V1 generated between the auxiliary pump electrode 51
and the reference electrode 42 in a state where the gas sensor
100 is driven in an air atmosphere and the pump controls of
the main pump cell 21, the auxiliary pump cell 50, and the
measurement pump cell 41 are all turned off.

[0193] As described above, the (3) electric potential dif-
ference V(IR) is generated depending on the auxiliary pump
current Ipl and the resistance value of the auxiliary pump
electrode 51. The resistance value of the auxiliary pump
electrode 51 can be calculated from, for example, the
electromotive force V1 generated by applying a constant
auxiliary pump current Ip1 in the auxiliary pump cell 50 in
a state where the gas sensor 100 is driven in an air atmo-
sphere and the pump controls of the main pump cell 21, the
auxiliary pump cell 50, and the measurement pump cell 41
are all turned off.

[0194] As such, the (2) thermal electromotive force
V(thermal) and the (3) electric potential difference V(IR) are
obtained in a state where the pump controls are not per-
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formed, and therefore it is difficult to determine them in a
state where the NOx concentration is detected by driving the
gas sensor 100.

[0195] As described above, the controls of the main pump
cell 21 and the auxiliary pump cell 50 are performed in
conjunction with each other. Specifically, the drive control
part 92 applies the auxiliary pump current Ip1 in the auxil-
iary pump cell 50 so that the electromotive force V1 between
the auxiliary pump electrode 51 and the reference electrode
42 is at the target voltage value V1., In addition to that,
the drive control part 92 feed-back controls the main pump
current Ip0 of the pulse power supply 24 of the main pump
cell 21 based on the auxiliary pump current Ipl in the
auxiliary pump cell 50 so that the auxiliary pump current Ip1
is at the target current value Ip1g.,. That is, the main pump
cell 21 is controlled so that the electromotive force V1 is at
the target voltage value V1., as a result of applying a
constant auxiliary pump current Ip1 in the auxiliary pump
cell 50. As a result, the oxygen concentration near the inner
main pump electrode 22 is a concentration depending on the
oxygen concentration near the auxiliary pump electrode 51.

[0196] Therefore, when a change AO, in the concentration
of oxygen near the auxiliary pump electrode 51, that is, the
concentration of residual oxygen in the measurement-object
gas that reaches the measurement electrode 44 occurs, a
change in the concentration of oxygen near the inner main
pump electrode 22 also occurs. As described above, the
concentration of oxygen near the inner main pump electrode
22 can be detected by the electric potential difference V0
between the inner main pump electrode 22 and the reference
electrode 42 in the oxygen-partial-pressure detection sensor
cell 80 for main pump control. Therefore, it has been found
that a change AQO, in the concentration of residual oxygen in
the measurement-object gas that reaches the measurement
electrode 44 can be detected by a change in the electric
potential difference V0 between the inner main pump elec-
trode 22 and the reference electrode 42.

[0197] From this finding, it has been found that the change
AO, in the concentration of residual oxygen in the measure-
ment-object gas that reaches the measurement electrode 44
can be corrected to be zero or substantially zero by allowing
the setting part 94 to perform the setting step in which an
electric potential difference V0 generated between the inner
main pump electrode 22 and the reference electrode 42 is
obtained and a target voltage value V1, of an electromo-
tive force V1 between the auxiliary pump electrode 51 and
the reference electrode 42 in the auxiliary pump cell 50 is set
based on the electric potential difference V0. The change
AO, in the concentration of residual oxygen of substantially
zero indicates that the concentration of residual oxygen in
the measurement-object gas that reaches the measurement
electrode 44 is substantially constant, that is, the concentra-
tion of residual oxygen in the measurement-object gas that
reaches the measurement electrode 44 is constant to the
extent that it does not affect the measurement accuracy of the
NOx concentration even in a low concentration range in
which the current value of the measurement pump current
Ip2 is relatively small. As just described, it has been found
that the concentration of residual oxygen in the measure-
ment-object gas that reaches the measurement electrode 44
can be controlled with higher accuracy by performing such
a measurement step as described above. By keeping the
concentration of residual oxygen constant with high accu-
racy, oxygen derived from NOx in the measurement-object
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gas can accurately be detected in the measurement pump cell
41. As a result, the concentration of NOx can be measured
with high measurement accuracy even in a low concentra-
tion range.

[0198] As described above, the drive control part 92
allows the pulse power supply 24 to apply the repeatedly
on-off controlled main pump current Ip0 in the main pump
cell 21. The direction of the main pump current Ip0 to pump
oxygen out of the first internal cavity 20 is defined as
positive, and the direction of the main pump current Ip0 to
pump oxygen into the first internal cavity 20 is defined as
negative. The positive direction of the main pump current
Ip0 is the direction of the arrow of the main pump current
Ip0 in FIG. 1, that is, the direction in which an electric
current flows from the inner main pump electrode 22 to the
outer pump electrode 23 outside the sensor element 101.
[0199] FIG. 4 is a graph schematically showing temporal
changes in the main pump current Ip0 and the electric
potential difference VO when the oxygen pumps out of the
first internal cavity 20, that is, when the main pump current
Ip0 flows in the positive direction. FIG. 4(1) is a graph
schematically showing a temporal change in the main pump
current Ip0. The horizontal axis of the graph represents time
t and the vertical axis of the graph represents the main pump
current Ip0. The upward direction of the vertical axis is
defined as the positive direction of the main pump current
Ip0. FIG. 4(2) is a graph schematically showing a temporal
change in the electric potential difference V0. The horizontal
axis of the graph represents time t and the vertical axis of the
graph represents the electric potential difference V0. With
regard to the electric potential difference V0, a state where
the electric potential of the reference electrode 42 is higher
than that of the inner main pump electrode 22 is defined as
positive. In FIG. 4(2), the upward direction of the vertical
axis is defined as a positive direction. A value of the electric
potential difference V0 is smaller as the oxygen concentra-
tion near the inner main pump electrode 22 is higher, and
larger as the oxygen concentration near the inner main pump
electrode 22 is lower.

[0200] In this embodiment, the main pump current Ip0
applied by the pulse power supply 24 in the main pump cell
21 is, as shown in FIG. 4(1), a pulse-wave electric current
that is repeatedly on-off controlled in cycles T. For example,
when the main pump current Ip0 is turned on at time t1 that
is a start point of a certain cycle T, the main pump current
Ip0 rises from O A to a maximum current IpOmax and
maintains this state until time t2 at which an on period T,
elapses. When the main pump current Ip0 is turned off at
time t2, the main pump current Ip0 falls from the maximum
current IpOmax to 0 A and maintains 0 A until time t4 at
which an off period T elapses. Thus, a cycle T consists
of an on-period T, and a subsequent off period T,z It is
to be noted that, although the actual main pump current Ip0
requires a short time for rising from time t1 and for falling
from time t2, the main pump current Ip0 is schematically
illustrated as a rectangular wave in FIG. 4(1). Moreover,
there may be a case where electric current slightly flows due
to the effect of, for example, noise even in the off period
T oz in which the main pump current Ip0 output from the
pulse power supply 24 is off. However, such a case is
omitted in FIG. 4(1).

[0201] As described above, the drive control part 92
feed-back controls the main pump current Ip0 of the pulse
power supply 24 of the main pump cell 21 based on the
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auxiliary pump current Ipl in the auxiliary pump cell 50 so
that the auxiliary pump current Ipl is at a predetermined
target value (target current value Iplg.,). An amount of
oxygen pumped out from the first internal cavity 20 during
one cycle (i.e., cycle T) by the main pump current Ip0 in the
main pump cell 21 is proportional to an average value
IpOave (see a single-dot chain line in FIG. 4(1)) of the main
pump current Ip0 during one cycle. Therefore, for example,
the drive control part 92 varies the average value IpOave by
outputting a control signal to the pulse power supply 24 to
change at least one of parameters including a proportion
(i.e., a duty ratio) of the on period T, occupying the cycle
T, the cycle T, and the maximum current IpOmax. The drive
control part 92 may output the average value IpOave as a
control signal to the pulse power supply 24, and the pulse
power supply 24 may vary at least one of the aforementioned
parameters based on the control signal. Alternatively, the
drive control part 92 may output the auxiliary pump current
Ip1 as a control signal to the pulse power supply 24, and the
pulse power supply 24 may vary at least one of the afore-
mentioned parameters based on the control signal. In this
embodiment, the drive control part 92 outputs a duty ratio
(or a variation of the duty ratio) as a control signal to the
pulse power supply 24, and the pulse power supply 24 varies
the duty ratio of the main pump current Ip0 based on the
control signal. The duty ratio varies based on the control
signal, but a maximum value of the duty ratio may be, for
example, 90% or less. In this case, a minimum value of the
ratio of the off period Tz to the cycle T is 10% or more.
The maximum value of the duty ratio may preferably be
80% or less. In this case, the minimum value of the ratio of
the off period T to the period T is 20% or more.

[0202] The cycle T of the intermittent main pump current
Ip0 in FIG. 4(1) may be short to the extent that the actual
oxygen concentration in the first internal cavity 20 during
the cycle T is kept in an averagely-controlled state. In other
words, the cycle T of the intermittent main pump current Ip0
may be short to the extent that a change in the actual oxygen
concentration in the first internal cavity 20 between the on
period T, and the off period T, does not affect the
adjustment of the oxygen concentration in the auxiliary
pump cell 50. By setting the cycle T in such a manner, the
actual oxygen concentration in the first internal cavity 20,
that is, the oxygen concentration in the measurement-object
gas to be introduced into the second internal cavity 40 can
be controlled to be a predetermined concentration. The cycle
T may be, for example, 0.1 s or shorter (i.e., a frequency of
10 Hz or higher), 0.02 s or shorter (i.e., a frequency of 50 Hz
or higher), or 0.001 s or shorter (i.e., a frequency of 100 Hz
or higher). In this embodiment, the cycle T is 0.0005 s (5 ms,
i.e. a frequency of 200 Hz).

[0203] For example, in a case where the control unit 90
outputs the derived NOx concentration to another device,
such as an engine ECU of a vehicle, at every predetermined
cycle Tout, the cycle T is preferably shorter than or equal to
one-tenth of the cycle Tout. By setting the cycle T in such a
manner, the oxygen concentration in the measurement-
object gas is controlled at the cycle T that is sufficiently short
compared to the cycle Tout, so that the concentration of the
target gas to be measured can be output more stably.

[0204] For example, when the auxiliary pump current Ip1
in the auxiliary pump cell 50 is larger than the target current
value Iplg., the drive control part 92 controls the pulse
power supply 24 to increase the duty ratio of the main pump
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current Ip0 (to lengthen the on period T, without changing
the cycle T) so that the average value IpOave of the main
pump current Ip0 increases and therefore the oxygen con-
centration in the first internal cavity 20 further decreases.
FIG. 4(1) shows, as an example, a case where control is
performed to double the length of the on period T, (time
t4 to t5) (i.e., double the duty ratio) in the second cycle T as
compared to the length of the on period T, (time t1 to t2)
in the first cycle T. In this case, the average value Ip0ave in
the second cycle T is twice the average value IpOave in the
first cycle T. In the second cycle T, the average IpOave is
twice, and therefore a larger amount of oxygen is pumped
out of the first internal cavity 20 as compared to the period
of the first cycle T. As a result, the concentration of oxygen
near the inner main pump electrode 22 decreases in the
second cycle T, and therefore as shown in FIG. 4(2), an
electric potential difference V0b' at the end (time t6) of the
second cycle T is larger than an electric potential difference
V05 at the end (time t4) of the first cycle T.

[0205] Next, the electric potential difference V0 in the
oxygen-partial-pressure detection sensor cell 80 for main
pump control will be described in detail. The electric poten-
tial difference V0 in the oxygen-partial-pressure detection
sensor cell 80 for main pump control is an electric potential
difference between the inner main pump electrode 22 and the
reference electrode 42. The electric potential difference V0
is mainly generated by the difference in oxygen concentra-
tion between the inner main pump electrode 22 and the
reference electrode 42 and therefore depends on the con-
centration of oxygen in the first internal cavity 20 (near the
inner main pump electrode 22). However, in the on period
T o in which the pulse power supply 24 applies the maxi-
mum current I[pOmayx, the electric potential of the inner main
pump electrode 22 changes due to the application of the
maximum current [p0max. The amount of the electric poten-
tial change is virtually a value depending on the product of
the maximum current Ip0max and the resistance value of the
inner main pump electrode 22. As compared to the electric
potential difference VO in the on period T,,, the electric
potential difference V0 in the off period T, in which the
pulse power supply 24 does not apply the main pump current
Ip0 is a value more depending on the concentration of
oxygen near the inner main pump electrode 22.

[0206] In terms of a more detailed change in the electric
potential difference V0, the electric potential of the inner
main pump electrode 22 also intermittently changes due to
the application of the intermittent main pump current Ip0 by
the pulse power supply 24. As a result, the electric potential
difference V0 also cyclically varies depending on the change
in the electric potential of the inner main pump electrode 22.
As shown in FIG. 4(2), the electric potential difference V0
also cyclically and pulsatively varies in conjunction with the
turning on and off of the main pump current Ip0 shown in
FIG. 4(1).

[0207] For example, in FIG. 4(2), the electric potential
difference V0 starts to change (starts to rise) at time t1 due
to the influence of the electric potential caused by the
application of the maximum pump current IpOmax. Then,
the electric potential difference V0 becomes a most changed
value V0a (maximum value) at time t2 due to the influence
of the electric potential caused by the application of the
maximum pump current IpOmax, and in the off period T,z
from time t2 in which the main pump current Ip0 does not
flow, the influence of the electric potential due to the
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application of the maximum pump current Ip0max in the last
on period T, disappears and therefore the change starts to
end (starts to fall). Then, the electric potential difference V0
becomes a most unchanged value V05 (minimum value) at
time t4. The speed of rise or fall of the electric potential
difference V0 is considered to depend on the electrostatic
capacity (also referred to as electric capacity, or capacitance)
of'the inner main pump electrode 22 and the resistance value
of the inner main pump electrode 22 (e.g., the product of the
electrostatic capacity and the resistance value). In consid-
eration of the speed of rise or fall of the electric potential
difference V0, the proportion of the off period T,z in the
cycle T may be 10% or more (i.e., the duty ratio may be 90%
or less). Preferably, the proportion of the off period T,z in
the cycle T may be 20% or more (i.e., the duty ratio may be
80% or less).

[0208] The off period T,z of the main pump current Ip0
includes a non-stable period Tnon-stable from the start point
of the off period T,z until when a change in the electric
potential difference V0 resulting from the main pump cur-
rent Ip0 that was flowing in the last on period T, calms
down and the value of the electric potential difference V0
converges, and a stable period Tstable in which the electric
potential difference V0 does not change due to the main
pump current Ip0 that was flowing in the last on period T,
Here, the phrase “the electric potential difference V0 does
not change due to the main pump current Ip0 that was
flowing” implies that a change in the electric potential
difference V0 is sufficiently small.

[0209] The stable period Tstable in which the electric
potential difference V0 does not change due to the main
pump current Ip0 that was flowing in the last on period T,
is defined as follows. The value V05 to the value V0a of the
electric potential difference V0 in the period of one cycle T
of the main pump current Ip0 is defined as 0% to 100%, and
on the basis of this, the stable period Tstable of the electric
potential difference VO is set. Specifically, the stable period
Tstable is defined as a time period from the time point at
which the electric potential difference V0 is reduced to a
predetermined percent due to the turning off of the main
pump current Ip0 to the start point of the next cycle, that is,
to the time point at which the electric potential difference V0
starts to rise (starts to increase) due to the turning on of the
main pump current Ip0. The predetermined percent can
appropriately be set by those skilled in the art. The prede-
termined percent may be, for example, 1% to 50%. For
example, the predetermined percent may be 50% or less,
40% or less, 30% or less, 20% or less, 15% or less, 10% or
less, 5% or less, or 1% or less. In this embodiment, the stable
period Tstable is defined as a time period (time t3 to t4) from
the time point at which the electric potential difference V0
is reduced to 10% or less due to the turning off of the main
pump current Ip0 to the time point at which the electric
potential difference V0 starts to rise due to the turning on of
the main pump current Ip0 in the next period.

[0210] Alternatively, the stable period Tstable may be
defined as a time period in which the electric potential
difference V0 is equal to or less than the average value of the
electric potential difference V0 in the off period T ,zp.
[0211] The non-stable period Tnon-stable is a time period
from the start point of the off period T,z until when a
change in the electric potential difference V0 due to the main
pump current Ip0 that was flowing in the last on period T,
ends and the value of the electric potential difference V0
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converges. That is, the non-stable period Tnon-stable is a
time period (time t2 to t3 in FIG. 4(2)) from the start point
of the off period T, to the start point of the stable period
Tstable in one cycle T.

[0212] The length of the stable period Tstable may vary
depending on, for example, the length of the on period T,
(the magnitude of the duty ratio) in the cycle T.

[0213] In FIG. 4(2), the electric potential difference V0
becomes the most changed value V0a for the first time at
time t2 at which the main pump current Ip0 is turned off, but
when the on period T, is long, there is a case where the
electric potential difference V0 reaches the value V0a before
time t2 and such a state continues to time t2. Further, the
electric potential difference V0 becomes the most
unchanged value V04 for the first time at time t4 at which
the main pump current Ip0 is turned on in the next cycle, but
there is a case where the electric potential difference V0
reaches the value V0b before time t4 and such a state
continues to time t4.

[0214] In the stable period Tstable, the electric potential
difference V0 does not change due to the main pump current
Ip0 that was flowing in the last on period T,,, that is, a
change in the electric potential difference V0 is sufficiently
small. Therefore, the electric potential difference VO in the
stable period Tstable is a value more accurately indicating
the concentration of oxygen near the inner main pump
electrode 22.

[0215] As just described, the electric potential difference
V0 varies due to the influence of the main pump current Ip0.
In the off period T,z in which the pulse power supply 24
does not apply the main pump current Ip0, a change in the
electric potential difference V0 due to the application of the
main pump current Ip0 is small, and therefore the electric
potential difference V0 indicates the concentration of oxy-
gen near the inner main pump electrode 22. Further, in the
stable period Tstable, the electric potential difference V0
does not change due to the main pump current Ip0 that was
flowing in the last on period T,,, that is, a change in the
electric potential difference V0 is sufficiently small. There-
fore, the electric potential difference V0 is a value more
accurately indicating the concentration of oxygen near the
inner main pump electrode 22.

[0216] As described above, in the step S23, the setting part
94 obtains the electric potential difference V0 in the oxygen-
partial-pressure detection sensor cell 80 for main pump
control. The timing at which the setting part 94 obtains the
electric potential difference V0 can appropriately be deter-
mined, but the setting part 94 may preferably obtain the
electric potential difference V0 between the inner main
pump electrode 22 and the reference electrode 42 in the off
period T,z in which the main pump current Ip0 does not
flow in the main pump cell 21. This makes it possible to
obtain the electric potential difference V0 less influenced by
the main pump current Ip0. That is, it is possible to obtain
the electric potential difference V0 that indicates the con-
centration of oxygen near the inner main pump electrode 22.
[0217] More preferably, the setting part 94 may obtain the
electric potential difference V0 between the inner main
pump electrode 22 and the reference electrode 42 in the
stable period Tstable in which the main pump current Ip0
does not flow in the main pump cell 21 and the electric
potential difference VO does not change due to the main
pump current Ip0 that was flowing. This makes it possible to
obtain the electric potential difference V0 lesser influenced
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by the main pump current Ip0. That is, it is possible to obtain
the electric potential difference V0 that indicates the con-
centration of oxygen near the inner main pump electrode 22
more accurately.

[0218] Further, as shown in FIG. 4(2), a change in the
electric potential difference V0 due to the application of the
main pump current Ip0 tends to be smaller toward the end
point (time t4) of the stable period Tstable. Therefore, the
setting part 94 may obtain the electric potential difference
V0 between the inner main pump electrode 22 and the
reference electrode 42 at, for example, any time point in the
last half of the stable period Tstable.

[0219] Further, for example, the setting point 94 may
obtain the electric potential difference V0 between the inner
main pump electrode 22 and the reference electrode 42 at a
predetermined time point included in the off period T,z in
which the main pump current ip0 does not flow in the main
pump cell 21. The predetermined time point may be set as,
for example, a time point a predetermined time before the
end point of the off period T,z The predetermined time
point is more preferably a time point closer to the end point
ofthe off period T . The predetermined time point may be
set to be included in the stable period Tstable in which the
electric potential difference V0 does not change due to the
main pump current Ip0 that was flowing. For example, the
predetermined time point may be set as follows. A temporal
change in the electric potential difference V0 at the maxi-
mum duty ratio previously expected or set is experimentally
determined, and any time point included in the stable period
Tstable in the case of the maximum duty ratio is set as the
predetermined time period. This makes it possible to obtain
the electric potential difference V0 more accurately indicat-
ing the concentration of oxygen near the inner main pump
electrode 22 without monitoring a temporal change in the
electric potential difference V0.

[0220] The above description has been made with refer-
ence to a case where oxygen is pumped out of the first
internal cavity 20, that is, a case where the main pump
current Ip0 flows in the positive direction. However, for
example, when the concentration of oxygen contained in the
measurement-object gas is very low or the measurement-
object gas contains a large amount of hydrocarbon HC, there
is a case where oxygen is pumped into the first internal
cavity 20, that is, a case where the main pump current Ip0
flows in the negative direction. FIG. 5 is a graph schemati-
cally showing temporal changes in the main pump current
Ip0 and the electric potential difference V0 when the main
pump current Ip0 flows in the negative direction. FIG. 5(1)
is a graph schematically showing a temporal change in the
main pump current Ip0. The horizontal axis of the graph
represents time t and the vertical axis of the graph represents
the main pump current Ip0. As in FIG. 4(1), the upward
direction of the vertical axis in FIG. 5(1) is defined as the
positive direction of the main pump current Ip0. FIG. 5(2) is
a graph schematically showing a temporal change in the
electric potential difference V0. The horizontal axis of the
graph represents time t and the vertical axis of the graph
represents the electric potential difference V0. With regard
to the electric potential difference V0, a state where the
electric potential of the reference electrode 42 is higher than
that of the inner main pump electrode 22 is defined as
positive. In FIG. 5(2), as in FIG. 4(2), the upward direction
of the vertical axis is defined as a positive direction.
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[0221] In the case where the main pump current Ip0 flows
in the negative direction, for example, when the main pump
current Ip0 is turned on at time t1 that is a start point of a
certain cycle T, the main pump current Ip0 goes from 0 A to
a maximum current [p0max in the negative direction (minus
maximum current IpOmax) and maintains this state until
time t2 at which an on period T, elapses. When the main
pump current Ip0 is turned off at the time t2, the main pump
current Ip0 goes from the minus maximum current IpOmax
to 0 A and maintains 0 A until time t4 at which an off period
T o7 elapses. In this embodiment, a value of the maximum
current IpOmax flowing in the positive direction and an
absolute value of the maximum current IpOmax flowing in
the negative direction (the minus maximum current Ip0max)
is the same. However, the absolute values may be different
in positive and negative directions.

[0222] Under the influence of the main pump current Ip0
which flows intermittently in the negative direction, the
electric potential difference V0 also intermittently changes.
For example, in FIG. 5(2), the electric potential difference
V0 starts to change (starts to fall) at time t1 due to the
influence of the electric potential caused by the application
of the maximum current IpOmax in the negative direction
(minus maximum current IpOmax). Then, the electric poten-
tial difference V0 becomes a most changed value V0c
(minimum value) at time t2 due to the influence of the
electric potential caused by the application of the maximum
current IpOmax in the negative direction (minus maximum
current IpOmax), and in the off period T,z from time 12 in
which the main pump current Ip0 does not flow, the influ-
ence of the electric potential due to the application of the
maximum current IpOmax in the negative direction (minus
maximum current IpOmax) in the last on period T, disap-
pears and therefore the change starts to end (starts to rise).
Then, the electric potential difference V0 becomes a most
unchanged value V0d (maximum value) at time t4.

[0223] For example, when the auxiliary pump current Ip1
in the auxiliary pump cell 50 is larger than the target current
value Iplg.,, the drive control part 92 controls the pulse
power supply 24 to decrease the duty ratio of the main pump
current Ip0 in the negative direction or to apply the main
pump current Ip0 in the positive direction so that the oxygen
concentration in the first internal cavity 20 further decreases.

[0224] Further, for example, when the auxiliary pump
current Ip1 in the auxiliary pump cell 50 is smaller than the
target current value Ipl.4, the drive control part 92 controls
the pulse power supply 24 to increase the duty ratio of the
main pump current Ip0 in the negative direction so that the
oxygen concentration in the first internal cavity 20 further
increases. FIG. 5(1) shows, as an example, a case where
control is performed to double the length of the on period
T o (time t4 to t5) (i.e., double the duty ratio) in the second
cycle T as compared to the length of the on period T, (time
t1 to t2) in the first cycle T. In this case, the average value
IpOave in the negative direction in the second cycle T is
twice the average value IpOave in the negative direction in
the first cycle T. In the second cycle T, the average IpOave
in the negative direction is twice, and therefore a larger
amount of oxygen is pumped into the first internal cavity 20
as compared to the period of the first cycle T. As a result, the
concentration of oxygen near the inner main pump electrode
22 increases in the second cycle T, and therefore as shown
in FIG. 5(2), an electric potential difference VOd4" at the end
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of the second cycle T is smaller than the electric potential
difference V04 at the end of the first cycle T.

[0225] Also in the case where the main pump current Ip0
flows in the negative direction, the value V0c to the value
VO0d of the electric potential difference V0 in the period of
one cycle T of the main pump current Ip0 is defined as 0%
to 100%, and on the basis of this, the non-stable period
Tnon-stable and the stable period Tstable of the electric
potential difference V0 in the off period T, is set. Spe-
cifically, the stable period Tstable is defined as a time period
from the time point at which the electric potential difference
V0 is increased to a predetermined percent due to the turning
off of the main pump current Ip0 to the start point of the next
cycle, that is, to the time point at which the electric potential
difference V0 starts to fall (starts to decrease) due to the
turning on of the main pump current Ip0. The predetermined
percent can appropriately be set by those skilled in the art.
The predetermined percent may be, for example, 50% to
99%. For example, the predetermined percent may be 50%
or more, 60% or more, 70% or more, 80% or more, 85% or
more, 90% or more, 95% or more, or 99% or more. In this
embodiment, the stable period Tstable is defined as a time
period (time t3 to t4) from the time point at which the
electric potential difference V0 is increased to 90% or more
due to the turning off of the main pump current Ip0 to the
time point at which the electric potential difference V0 starts
to fall due to the turning on of the main pump current Ip0 in
the next period.

[0226] Alternatively, the stable period Tstable may be
defined as a time period in which the electric potential
difference V0 is equal to or more than the average value of
the electric potential difference VO in the off period T ,zp.
[0227] The non-stable period Tnon-stable is a time period
from the start point of the off period T, - until when a
change in the electric potential difference V0 due to the main
pump current Ip0 that was flowing in the last on period T,
ends and the value of the electric potential difference V0
converges. That is, the non-stable period Tnon-stable is a
time period (time t2 to t3 in FIG. 5(2)) from the start point
of the off period T, to the start point of the stable period
Tstable in one cycle T.

[0228] The setting part 94 determines whether or not the
electric potential difference V0 between the inner main
pump electrode 22 and the reference electrode 42 is at a
predetermined target value. When the electric potential
difference V0 is at a target value, a change AO, in the
concentration of residual oxygen has not occurred, and
therefore the target voltage value V1., at the time of
obtaining the electric potential difference V0 is continuously
used. The phrase “the electric potential difference V0 is at a
target value” implies that a deviation from the target value
is within a predetermined range. The phrase “a deviation
from the target value is within a predetermined range”
implies that change AO, in the concentration of residual
oxygen does not substantially occur. When the electric
potential difference V0 deviates from a target value, a
change AO, in the concentration of residual oxygen has
occurred, and therefore the setting part 94 calculates a new
target voltage value V1., based on the value of the electric
potential difference V0 or the value of a deviation from the
target value of the electric potential difference V0. The
phrase “the electric potential difference V0 deviates from a
target value” implies that a deviation from the target value
is outside a predetermined range.



US 2023/0194467 Al

[0229] The target value of the electric potential difference
V0 can appropriately be determined by those skilled in the
art. The target value may be set so that the concentration of
oxygen near the auxiliary pump electrode 51, that is, the
concentration of residual oxygen in the measurement-object
gas that reaches the measurement electrode 44 is at a
predetermined value as a result of applying a constant
auxiliary pump current Ipl in the auxiliary pump cell 50.
The target value may be set to a value such that a change
AO, in the concentration of residual oxygen in the measure-
ment-object gas that reaches the measurement electrode 44
is within a range acceptable to desired measurement accu-
racy of the concentration of NOx. For example, the target
value of the electric potential difference VO may be 150 mV
to 300 mV in consideration of the variation range of con-
centration of residual oxygen in the measurement-object gas
that reaches the measurement electrode 44 described later.

[0230] The predetermined range of the deviation from the
target value can appropriately be determined by those skilled
in the art. The predetermined range of the deviation from the
target value may be determined based on the range of a
change AO, in the concentration of residual oxygen in the
measurement-object gas that reaches the measurement elec-
trode 44 which is acceptable to desired measurement accu-
racy of the concentration of NOx. Alternatively, the prede-
termined range of the deviation from the target value may be
determined based on the degree of a slight change in control
in the pump controls. For example, the deviation from the
target value of the electric potential difference V0 may be 5
mV or less to 30 mV or less in consideration of the variation
range of the concentration of residual oxygen in the mea-
surement-object gas that reaches the measurement electrode
44 described later.

[0231] Alternatively, a target range of the electric potential
difference V0 may previously be set. When the electric
potential difference V0 between the inner main pump elec-
trode 22 and the reference electrode 42 is within the target
range, a change AO, in the concentration of residual oxygen
does not substantially have occurred, and therefore the target
voltage value V1., at the time of obtaining the electric
potential difference V0 is continuously used. When the
electric potential difference V0 deviates from the target
range, a change AO, in the concentration of residual oxygen
has substantially occurred, and therefore the setting part 94
calculates a new target voltage value V1., based on the
value of the electric potential difference V0.

[0232] As just described, by performing the above-de-
scribed setting step in which the target voltage value V1.,
is set based on the electric potential difference VO, it is
possible to prevent a change AO, in the concentration of
oxygen near the auxiliary pump electrode 51, that is, the
concentration of residual oxygen in the measurement-object
gas that reaches the measurement electrode 44 from sub-
stantially occurring. That is, it is possible to control the
concentration of residual oxygen in the measurement-object
gas that reaches the measurement electrode 44 to be con-
stant. The target voltage value V1., may result in a value
of about 300 mV to 450 mV as a result of the setting step.
The concentration of residual oxygen in the measurement-
object gas that reaches the measurement electrode 44 may be
maintained at a constant value of, for example, about 0.1
ppm or less, 0.01 ppm or less, 0.001 ppm or less, or 0.0001
ppm. The concentration of residual oxygen in the measure-
ment-object gas that reaches the measurement electrode 44

Jun. 22, 2023

may be maintained within a certain range (within a prede-
termined variation range) to the extent that the object of the
present invention can be achieved, that is, the target gas to
be measured (in this embodiment, NOx) with a concentra-
tion as low as about 10 to 500 ppm can be measured with
high accuracy. The concentration of residual oxygen is
preferably controlled within a range (variation range) as
small as possible. When the concentration of residual oxy-
gen in the measurement-object gas that reaches the mea-
surement electrode 44 is controlled to be 0.001 ppm, the
variation range of the concentration of residual oxygen may
be, for example, 0.0001 ppm or less (Y10 or less) or 0.00005
ppm or less (Y40 or less). The variation range of the con-
centration of residual oxygen can appropriately be deter-
mined by those skilled in the art depending on the intended
use of the gas sensor 100.

[0233] When the electric potential difference V0 deviates
from a previously-determined target value, the setting part
94 calculates a new target voltage value V1., based on the
value of the electric potential difference V0 or the value of
a deviation from the target value of the electric potential
difference V0. The setting part 94 may calculate a new target
voltage value V1., based on the value of the electric
potential difference VO (e.g., a value in the stable period
Tstable) obtained in each cycle T. Alternatively, the setting
part 94 may calculate a new target voltage value V1.,
based on the values of the electric potential difference V0
obtained in the respective cycles T (for example, based on
the average of values of the electric potential difference V0
obtained in cycles different from each other). For example,
when the setting part 94 calculates a new target voltage
value V1., based on only the electric potential difference
V0 obtained in one cycle, there may be a case where the
obtained electric potential difference V0 is different from a
value indicating the concentration of oxygen near the inner
main pump electrode 22 due to the instantaneous fluctuation
of the electric potential difference V0 or electrical noise. In
this case, the setting part 94 may excessively change the
target voltage value V1., If the target voltage value V1.,
is excessively changed, there may be a case where the
auxiliary pump current Ip1 applied in the auxiliary pump
cell 50 and the main pump current Ip0 (average value
Ip0ave) applied by the pulse power supply 24 in the main
pump cell 21 excessively change so that unstable controls
such as vibration and oscillation occur. On the other hand,
when the setting part 94 calculates the target voltage value
V1., based on, for example the average of values of the
electric potential difference V0 in the stable period Tstable
obtained in two or more cycles, the target voltage value
V1., more reflecting the actual concentration of oxygen
near the inner main pump electrode 22 is calculated so that
control is more likely to be stabilized. In this embodiment,
the electric potential difference V0 at a predetermined timing
in the stable period Tstable in each cycle T is stored in the
memory of the control part 91 that functions as the setting
part 94, and the setting part 94 calculates the target voltage
value V1., based on the average of values of the electric
potential difference V0 most recently stored two or more
times (e.g., three times).

[0234] The gas sensor 100 for detecting NOx concentra-
tion in a measurement-object gas has been described above
as an example of the embodiment according to the present
invention, but the present invention is not limited thereto.
The present invention may include a gas sensor having any
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structure including a sensor element and a control unit as
long as the object of the present invention can be achieved,
that is, the target gas to be measured is accurately measured
in a wide concentration range including the low concentra-
tion of the target gas to be measured.

[0235] In the above embodiment, the intermittent main
pump current Ip0 is an electric current having one rectan-
gular wave per cycle (i.e., a rectangular single pulse current)
as shown in FIG. 4 (1), but the intermittent main pump
current Ip0 is not limited thereto. For example, the pulse
power supply 24 may use a burst pulse current, as shown in
FIG. 6, as the intermittent main pump current Ip0. In this
case, the drive control part 92 may vary the average value
IpOave of the main pump current Ip0 during one cycle by
outputting a control signal to the pulse power supply 24 to
change at least one of parameters including the proportion
(i.e., duty ratio) of an oscillation period TA occupying a
cycle T (i.e., burst cycle), the cycle T, the number of pulses
during one cycle (i.e., four pulses in FIG. 6), a time Ta of a
single oscillation (i.e., pulse), a pulse cycle (Ta+Tb), and the
maximum current IpOmax.

[0236] In the case where the main pump current Ip0 is a
burst pulse current, as in FIG. 6, the change period Tchange
of the electric potential difference V0 is included in the
oscillation period T,, and the stable period Tstable is
included in a non-oscillation period T5. More specifically, in
the case where the main pump current Ip0 is a burst pulse
current, the oscillation period T , is regarded as an on period
(1 to t2 in FIG. 4) of the main pump current Ip0, the
non-oscillation period T is regarded as an off period (12 to
t4 in FIG. 4) of the main pump current Ip0, and the stable
period Tstable is defined based on a method similar to that
in the above-described embodiment.

[0237] In the above embodiment and the above-described
burst pulse current, the pulse power supply 24 applies a
rectangular-wave pulse current as the main pump current Ip0
as shown in FIG. 4(1). However, the pulse current to be
applied is not limited to a rectangular-wave (square-wave)
pulse current and may have a sinusoidal half waveform, a
triangular waveform, a saw-tooth waveform, or a waveform
at the time of discharge, or may have a waveform obtained
by combining one or more of these waveforms.

[0238] In FIG. 4(1), FIG. 5(1) and FIG. 6, a pulse current
of the main pump current Ip0 is illustrated as a rectangular-
wave pulse current. However, as described above, a pulse
current requires a short period of time for rising and falling.
Specifically, a pulse current actually has a rise time and a fall
time, and the waveform of a pulse current is not a perfect
rectangle. Therefore, for example, if the pulse width of the
pulse current is too small [for example, if the time Ta of the
single oscillation (i.e., pulse) in the burst pulse current is too
short], the actual peak value of the pulse current may
sometimes not reach the peak value of an ideal rectangular
waveform due to the effect of the rise time. In this case, even
if the drive control part 92 performs the above-described
feedback control in the main pump cell 21, in which the
auxiliary pump current Ipl is at a constant value (target
current value Iplg.,) and outputs a control signal to the
pulse power supply 24 so as to set the average value IpOave
to a certain target value, the actual average value IpQave
becomes smaller than the theoretical average value IpOave.
Thus, the actual average value Ip0ave may deviate from the
target value, and therefore the oxygen concentration in the
measurement-object gas may not be accurately controlled.
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On the other hand, when the pulse width of the pulse current
is large, the actual peak value of the pulse current reaches the
peak value of the ideal rectangular waveform even with the
existence of the rise time. In this case, a deviation between
the actual average value IpOave and the target value is less
likely to occur.

[0239] Therefore, the drive control part 92 preferably
controls the main pump cell 21 so that the pulse width of the
main pump current Ip0 is at a value such that the actual peak
value reaches the peak value of an ideal rectangular wave
form. That is, the drive control part 92 preferably controls
the main pump current Ip0 so that the pulse width of the
main pump current Ip0 is equal to or more than a predeter-
mined lower limit.

[0240] In the above-described embodiment, the pulse
power supply 24 is configured as a current supply, but a
voltage supply may be used. The pulse power supply 24 may
apply an intermittent voltage Vp0 between the inner main
pump electrode 22 and the outer pump electrode 23 to apply
an intermittent main pump current Ip0.

[0241] In the above-described embodiment, the setting
part 94 is configured to appropriately change the target
voltage value V1, in the auxiliary pump cell 50 based on
the value of the electric potential difference V0 or the value
of a deviation from the target value of the electric potential
difference V0, but in addition to the target voltage value
V1., in the auxiliary pump cell 50, the target current value
Ip1;, may also be changed. For example, when the devia-
tion from the target value of the electric potential difference
V0 is large, the electric potential difference V0 can more
quickly be controlled to be a target value by changing both
the target voltage value V1., and the target current value
Iplszr

[0242] In the above embodiment, the gas sensor 100
detects the NOx concentration in a measurement-object gas.
However, the target gas to be measured is not limited to
NOx. For example, the target gas to be measured may be an
oxide gas other than NOx (e.g., carbon dioxide CO,, water
H,0). When the target gas to be measured is an oxide gas,
as in the case of the above embodiment in which the NOx
concentration is detected, a measurement-object gas con-
taining an oxide gas itself is introduced into the third internal
cavity 61, and the oxide gas in the measurement-object gas
is reduced at the measurement electrode 44 so that oxygen
is generated. The target gas to be measured can be detected
by acquiring the generated oxygen as the measurement
pump current Ip2 in the measurement pump cell 41.
[0243] Alternatively, the target gas to be measured may be
a non-oxide gas such as ammonia NH;. When the target gas
to be measured is a non-oxide gas, the non-oxide gas is
converted to an oxide gas (for example, in the case of
ammonia NH;, NH; is converted to NO), and a measure-
ment-object gas containing the converted oxide gas is intro-
duced into the third internal cavity 61. At the measurement
electrode 44, the converted oxide gas in the measurement-
object gas is reduced so that oxygen is generated. The target
gas to be measured can be detected by acquiring the gen-
erated oxygen as the measurement pump current Ip2 in the
measurement pump cell 41. The conversion from the non-
oxide gas to the oxide gas can be performed by allowing at
least one of the inner main pump electrode 22 and the
auxiliary pump electrode 51 to function as a catalyst.
[0244] In the above-described embodiment, the auxiliary
pump cell 50 and the measurement pump cell 41 are
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controlled by allowing the variable power supplies 52 and
46 to apply a continuous current, but the control is not
limited thereto. In addition to the main pump cell 21, at least
one of the auxiliary pump cell 50 and the measurement
pump cell 41 may be controlled by applying an intermittent
pump current. For example, all the main pump cell 21, the
auxiliary pump cell 50, and the measurement pump cell 41
may be controlled by applying an intermittent pump current.
That is, a pulse power supply as a current supply may be
used instead of the variable power supply 52 in the auxiliary
pump cell 50, and a pulse power supply as a current supply
may be used instead of the variable power supply 46 in the
measurement pump cell 41. In this case, in the auxiliary
pump cell 50, the auxiliary pump current Ip1 of the pulse
power supply in the auxiliary pump cell 50 is feed-back
controlled so that the electromotive force V1 in the oxygen-
partial-pressure detection sensor cell 81 for auxiliary pump
control is at a target voltage value V1., and the main pump
current Ip0 of the pulse power supply 24 is feed-back
controlled in the main pump cell 21 so that the auxiliary
pump current Ipl is at a target current value Iplg.,. This
makes it possible to detect the measurement pump current
Ip2 as a current value depending on the concentration of
NOx in the measurement-object gas as in the case of the
above-described embodiment.

[0245] In the gas sensor 100 of the above embodiment, as
shown in FIG. 1, the sensor element 101 has a structure in
which three internal cavities, the first internal cavity 20, the
second internal cavity 40, and the third internal cavity 61 are
provided and the inner main pump electrode 22, the auxil-
iary pump electrode 51, and the measurement electrode 44
are respectively disposed in these internal cavities. How-
ever, the structure of the sensor element 101 is not limited
thereto. For example, the sensor element 101 may have a
structure in which two internal cavities, the first internal
cavity 20 and the second internal cavity 40 are provided, the
inner main pump electrode 22 is disposed in the first internal
cavity 20, and the auxiliary pump electrode 51 and the
measurement electrode 44 are disposed in the second inter-
nal cavity 40. In this case, for example, a porous protective
layer covering the measurement electrode 44 may be formed
as a diffusion-rate limiting part between the auxiliary pump
electrode 51 and the measurement electrode 44.

[0246] In the gas sensor 100 of the above embodiment, the
outer pump electrode 23 has three functions as an outer main
pump electrode in the main pump cell 21, an outer auxiliary
pump electrode in the auxiliary pump cell 50, and an outer
measurement electrode in the measurement pump cell 41.
However, the outer pump electrode 23 is not limited thereto.
For example, the outer main pump electrode, the outer
auxiliary pump electrode, and the outer measurement elec-
trode may be formed as different electrodes. For example,
any one or more of the outer main pump electrode, the outer
auxiliary pump electrode, and the outer measurement elec-
trode may be provided on the outer surface of the base part
102 separately from the outer pump electrode 23 so as to be
in contact with a measurement-object gas. Alternatively, the
reference electrode 42 may also serve as any one or more of
the outer main pump electrode, the outer auxiliary pump
electrode, and the outer measurement electrode.

[0247] As described above, according to the present
invention, it is possible to more accurately control the
concentration of residual oxygen in a measurement-object
gas that reaches the measurement electrode and therefore to
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measure a target gas to be measured with high accuracy even
in a low concentration range of about 10 to 500 ppm. As a
result, it is possible to accurately measure a target gas to be
measured within a wide concentration range (e.g., 10 to
5000 ppm) including a target gas to be measured with a low
concentration.

[0248] Further, according to the present invention, the gas
sensor100 is configured to set the target voltage value V1.,
based on the electric potential difference V0 while measur-
ing the concentration of NOx. Therefore, according to the
present invention, the gas sensor 100 can more accurately
control the concentration of residual oxygen in a measure-
ment-object gas that reaches the measurement electrode
while continuously measuring a target gas to be measured
(in this embodiment, NOx) in the measurement-object gas.
As a result, it is possible to continuously and accurately
measure the concentration of NOx even when the concen-
tration of NOx in the measurement-object gas is low.

EXPLANATION OF REFERENCE SIGNS IN
THE DRAWINGS

[0249] 1: first substrate layer; 2: second substrate layer; 3:
third substrate layer; 4: first solid electrolyte layer; 5: spacer
layer; 6: second solid electrolyte layer; 10: gas inlet; 11: first
diffusion-rate limiting part; 12: buffer space; 13: second
diffusion-rate limiting part; 15: measurement-object gas
flow part; 20: first internal cavity; 21: main pump cell; 22:
inner main pump electrode; 22a- ceiling electrode portion
(of the inner main pump electrode); 225: bottom electrode
portion (of the inner main pump electrode); 23: outer pump
electrode; 24: pulse power supply; 30: third diffusion-rate
limiting part; 40: second internal cavity; 41: measurement
pump cell; 42: reference electrode; 43: reference gas intro-
duction space; 44: measurement electrode; 46: variable
power supply (of the measurement pump cell); 48: air
introduction layer; 50: auxiliary pump cell; 51: auxiliary
pump electrode; S1a: ceiling electrode portion (of the aux-
iliary pump electrode); 515. bottom electrode portion (of the
auxiliary pump electrode); 52: variable power supply (of the
auxiliary pump cell); 60: fourth diffusion-rate limiting part;
61: third internal cavity; 70: heater part; 71: heater electrode;
72: heater; 73 through hole; 74 heater insulating layer; 75:
pressure relief vent; 76: heater lead; 77: heater power
supply; 80: oxygen-partial-pressure detection sensor cell for
main pump control; 81: oxygen-partial-pressure detection
sensor cell for auxiliary pump control; 82: oxygen-partial-
pressure detection sensor cell for measurement pump con-
trol; 83: sensor cell; 90: control unit; 91: control part; 92:
drive control part; 93: concentration calculating part; 94:
setting part; 100: gas sensor; 101: sensor element; and 102:
base part.

What is claimed is:

1. A gas sensor for detecting a target gas to be measured
in a measurement-object gas, the gas sensor comprising a
sensor element and a control unit for controlling the sensor
element, wherein

the sensor element comprises:

a base part in an elongated plate shape, including an
oxygen-ion-conductive solid electrolyte layer;

a measurement-object gas flow part formed from one
end part in a longitudinal direction of the base part;

a main pump cell that includes: an inner main pump
electrode disposed on an inner surface of the mea-
surement-object gas flow part; and an outer main
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pump electrode disposed at a position different from
the measurement-object gas flow part on the base
part and corresponding to the inner main pump
electrode;

an auxiliary pump cell that includes: an inner auxiliary
pump electrode disposed at a position farther from
the one end part in the longitudinal direction of the
base part than the inner main pump electrode on the
inner surface of the measurement-object gas flow
part; and an outer auxiliary pump electrode disposed
at a position different from the measurement-object
gas flow part on the base part and corresponding to
the inner auxiliary pump electrode;

a measurement pump cell that includes: an inner mea-
surement electrode disposed at a position farther
from the one end part in the longitudinal direction of
the base part than the inner auxiliary pump electrode
on the inner surface of the measurement-object gas
flow part; and an outer measurement electrode dis-
posed at a position different from the measurement-
object gas flow part on the base part and correspond-
ing to the inner measurement electrode; and

a reference electrode disposed inside the base part to be
in contact with a reference gas,

wherein, in the main pump cell, a repeatedly on-off
controlled main pump current is applied so that an
auxiliary pump current flowing through the auxiliary
pump cell is at a predetermined target current value,
and

in the auxiliary pump cell, the auxiliary pump current
is applied so that an electromotive force between the
inner auxiliary pump electrode and the reference
electrode is at a predetermined target voltage value,
and

the control unit comprises:

a control power supply for applying the repeatedly
on-off controlled main pump current in the main
pump cell; and

a setting part for setting the target voltage value in the
auxiliary pump cell,

wherein the setting part obtains an electric potential
difference generated between the inner main pump
electrode and the reference electrode, and sets the
target voltage value in the auxiliary pump cell based
on the electric potential difference.

2. The gas sensor according to claim 1, wherein the setting
part obtains the electric potential difference generated
between the inner main pump electrode and the reference
electrode in an off period in which the main pump current
does not flow by the control power supply in the main pump
cell.

3. The gas sensor according to claim 1, wherein the setting
part obtains the electric potential difference generated
between the inner main pump electrode and the reference
electrode in a stable period in which the main pump current
does not flow by the control power supply in the main pump
cell and the electric potential difference does not change due
to the main pump current that was flowing.

4. The gas sensor according to claim 1, wherein

the control power supply comprises a pulse power supply

for cyclically turning the main pump current on and off,

and

the setting part obtains the electric potential difference

generated between the inner main pump electrode and
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the reference electrode in each cycle T of the pulse

power supply at a predetermined time point included in

an off period in which the main pump current does not

flow by the pulse power supply during the cycle T.

5. A control method of a gas sensor for detecting a target
gas to be measured in a measurement-object gas, the gas
sensor comprising a sensor element and a control unit for
controlling the sensor element, wherein

the sensor element comprises:

a base part in an elongated plate shape, including an
oxygen-ion-conductive solid electrolyte layer;

a measurement-object gas flow part formed from one
end part in a longitudinal direction of the base part;

a main pump cell that includes: an inner main pump
electrode disposed on an inner surface of the mea-
surement-object gas flow part; and an outer main
pump electrode disposed at a position different from
the measurement-object gas flow part on the base
part and corresponding to the inner main pump
electrode;

an auxiliary pump cell that includes: an inner auxiliary
pump electrode disposed at a position farther from
the one end part in the longitudinal direction of the
base part than the inner main pump electrode on the
inner surface of the measurement-object gas tflow
part; and an outer auxiliary pump electrode disposed
at a position different from the measurement-object
gas flow part on the base part and corresponding to
the inner auxiliary pump electrode;

a measurement pump cell that includes: an inner mea-
surement electrode disposed at a position farther
from the one end part in the longitudinal direction of
the base part than the inner auxiliary pump electrode
on the inner surface of the measurement-object gas
flow part; and an outer measurement electrode dis-
posed at a position different from the measurement-
object gas flow part on the base part and correspond-
ing to the inner measurement electrode; and

a reference electrode disposed inside the base part to be
in contact with a reference gas, and

the control unit comprises:

a control power supply for applying a repeatedly on-off
controlled main pump current in the main pump cell,
and

the control method comprising:

a setting step of obtaining an electric potential differ-
ence generated between the inner main pump elec-
trode and the reference electrode, and setting a target
voltage value of an electromotive force between the
inner auxiliary pump electrode and the reference
electrode in the auxiliary pump cell based on the
electric potential difference; and

an oxygen concentration adjusting step of controlling
the control power supply to apply the repeatedly
on-off controlled main pump current in the main
pump cell so that an auxiliary pump current flowing
through the auxiliary pump cell is at a predetermined
target current value, and applying the auxiliary pump
current in the auxiliary pump cell so that an electro-
motive force between the inner auxiliary pump elec-
trode and the reference electrode is at the target
voltage value.

6. The control method according to claim 5, wherein, in
the setting step, the electric potential difference generated
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between the inner main pump electrode and the reference
electrode is obtained in an off period in which the main
pump current does not flow by the control power supply in
the main pump cell.

7. The control method according to claim 5, wherein, in
the setting step, the electric potential difference generated
between the inner main pump electrode and the reference
electrode is obtained in a stable period in which the main
pump current does not flow by the control power supply in
the main pump cell and the electric potential difference does
not change due to the main pump current that was flowing.

8. The control method according to claim 5, wherein

the control power supply comprises a pulse power supply

for cyclically turning the main pump current on and off,
and

in the setting step, the electric potential difference gen-

erated between the inner main pump electrode and the
reference electrode is obtained in each cycle T of the
pulse power supply at a predetermined time point
included in an off period in which the main pump
current does not flow by the pulse power supply during
the cycle T.



