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(57) Abstract: A liquid level sensor device (10) includes a liquid level sensor element (14), a capacitance-to-voltage converter (16),
and a controller (18). The liquid level sensor element (14) comprises (i) at least two sets of N conductive electrodes (22) and (ii) M
sense lines (S1-87), where M is greater than or equal to N within each set of the at least two sets of conductive electrodes. Each of
the M sense lines couples to select ones of the N conductive electrodes of the at least two sets of conductive electrodes to form a
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measures a capacitance of the L sets of parallel coupled conductive electrodes for each of the M sense lines. The controller (18)
establishes initial measured baseline capacitance values for each of the L sets of parallel coupled conductive electrodes and an initial
liquid level height value. The controller (18) also detects transitions in the measured capacitance of the L sets of parallel coupled
conductive electrodes. Responsive to the detected transitions corresponding to incremental changes in measured capacitance values,
the controller updates the liquid level height value.
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LIQUID LEVEL SENSING DEVICE AND METHOD

Background

Field

[0001] This disclosure relates generally to sensing technologies, and more specifically,

to liquid level sensing.
Related Art

[0002] Fluids, including both liquids and gases, are often stored in containers in both
industrial and consumer applications. For example, in the industrial arena, fluids, such as
petrochemical gases and liquids, chemical gases and liquids, and pharmaceutical mixtures
or compounds, are often stored in containers. In many processes related to the manufacture
of such gases and liquids, the level of such gases and liquids must be measured. Similarly,
in the consumer arena, liquid levels are maintained in dish washers, washing machines,
water heaters, and fuel tanks. Traditional liquid sensing techniques involve using a pressure
sensor or a capacitive sensor. Pressure sensors are expensive and hence are not a good

choice for many of these applications.

[0003] Traditional capacitive sensors also suffer from problems, such as low resolution
in terms of detecting a change in the level of a liquid. In addition, traditional capacitive
sensors require multiple pins associated with a controller to record any changes in the

capacitance values, as the liquid level changes.

[0004] Accordingly, there is a need for an improved liquid level sensing method and

apparatus for overcoming the problems in the art as discussed above.

Brief Description of the Drawings

[0005] The present invention is illustrated by way of example and is not limited by the
accompanying figures, in which like references indicate similar elements. Elements in the

figures are illustrated for simplicity and clarity and have not necessarily been drawn to scale.
[0006] FIG. 1 is an illustrative view of an exemplary application for liquid level sensing;

[0007] FIG. 2 is an illustrative view of an exemplary liquid level sensing element

according to one embodiment of the present disclosure;

-1-
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[0008] FIG. 3 is a schematic representation view of the exemplary liquid level sensing
element of FIG. 2 and a graphical representation view of liquid level and associated

capacitance changes sensed by the liquid sensing element of FIG. 2;

[0009] FIG. 4 is a diagrammatic flow chart view of an exemplary method for liquid level

sensing according to one embodiment of the present disclosure; and

[0010] FIG. 5 is an illustrative view of an exemplary liquid level sensing element

according to another embodiment of the present disclosure.

Detailed Description

[0011] As used herein, the term "bus" is used to refer to a plurality of signals or
conductors which may be used to transfer one or more various types of information, such as
data, addresses, control, or status. The conductors as discussed herein may be illustrated
or described in reference to being a single conductor, a plurality of conductors, unidirectional
conductors, or bidirectional conductors. However, different embodiments may vary the
implementation of the conductors. For example, separate unidirectional conductors may be
used rather than bidirectional conductors and vice versa. Also, plurality of conductors may
be replaced with a single conductor that transfers multiple signals serially or in a time
multiplexed manner. Likewise, single conductors carrying multiple signals may be separated
out into various different conductors carrying subsets of these signals. Therefore, many

options exist for transferring signals.

[0012] Liguid level sensing methods and systems are described herein with respect to
the use of capacitance sensing. By way of example, FIG. 1 shows an exemplary application
10 for liquid level sensing. Liquid level sensing application 10 includes a container 12
containing a liquid 13 and for which sensing the level of liquid 13 in container 12 is desired.
As used herein, liquid can refer to one or both of a liquid form and a gaseous form of a fluid
whose level is being sensed. A liquid level sensing element 14, according to the
embodiments of the present disclosure, may be positioned on or attached to an inside wall of
container 12. Alternatively and/or additionally, liquid sensing element 14 may also be
attached to an outside wall of container 12. Alternatively and/or additionally liquid sensing
element 14 may also be attached to an inside wall or an outside wall of a separate container
or tube that is in fluid communication with container 12 in such a manner that it maintains
approximately the same level of liquid as in container 12. Liquid sensing element 14 may be
coupled with container 12 in any number of different ways depending upon the application
environment. A capacitance to voltage converter 16 may be coupled to liquid level sensing
-
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element 14. Capacitance to voltage converter 16 may convert a capacitive value to a voltage
value. Capacitance to voltage converter 16 may further be coupled to a controller 18.
Controller 18 may provide the relevant control functionality, as described further below, and

as associated with liquid level sensing for a given liquid level sensing implementation.

[0013] FIG. 2 shows an exemplary liquid level sensing element 14, according to one
embodiment of the present disclosure. Liquid level sensing element 14 may comprise of a
substrate 20 having electrodes 22 disposed upon a first surface of the substrate 20.
Electrodes 22 may further be coupled to sensing lines 26 using routing conductors 24 and
conductive vias. In one embodiment, the routing conductors 24 (indicated in phantom lines
on FIG. 2) are disposed on a second surface of the substrate 20, wherein the second
surface is on an opposite side of the first surface, and further wherein the conductive vias
are each represented by the a dot shown at the intersection of a corresponding electrode

and routing conductor.

[0014] Sensing lines 26 can comprise any number of sense lines according to the
requirements of a given implementation. For example, in one embodiment, the number of
sensing lines 26 comprises seven sense lines as indicated by designations S1, S2, S3, $4,
S5, S6, and S7. In one embodiment, substrate 20 comprises any suitable printed circuit
board material. For example, substrate 20 can comprise fiberglass, film or other suitable
printed circuit board material. Electrodes 22 may be formed using any conductive material,
including metals, such as copper or alloys thereof. In addition, electrodes 22 may also be
covered using a film (not shown) having a low dielectric such that electrodes 22 are

electrically and physically insulated from the liquid whose level is being sensed.

[0015] In one embodiment, electrodes 22 may be grouped in sets, such as each set may
represent a set of capacitive values. In addition, substrate 20 can include a multiple number
of groups of electrodes 22. FIG. 2 shows one such group in a magnified view. As shown in
FIG. 2, in one example, the group includes seven (7) electrodes. Electrodes 22 are
physically and uniformly spaced from one another other, for example, by a predetermined
distance 23. The predetermined distance 23 between electrodes 22 corresponds to a
resolution of liquid level sensing element 14. For example, if the predetermined distance
between adjacent ones of the electrodes is 2 mm, then liquid sensing element 14 can detect
changes in the level of liquid in 2 mm increments. Accordingly, electrodes 22 may be spaced
at an appropriate distance from each other depending upon the required resolution for a
given level sensing application. In addition, each pair of adjacent electrodes may have a

certain capacitance between them, for example, as indicated by variable capacitance 28.
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Capacitance 28 can vary depending on a presence or absence of liquid proximate adjacent
ones of the electrodes, and more particularly, whether a given pair of electrodes is (or pairs

of electrodes are) immersed in the liquid or not.

[0016] According to one embodiment, a liquid level sensor device comprises a liquid
level sensor element, a capacitance-to-voltage converter, and a controller. The liquid level
sensor element 20 includes (i) at least two sets of N conductive electrodes 24 disposed
parallel to one another in an array, where N represents an integer number of conductive
electrodes in an individual set of conductive electrodes. The liquid level sensor element
further includes (ii) M sense lines, where M represents an integer number of sense lines
greater than or equal to the number of conductive electrodes N. In the embodiment shown in
FIG. 2, the number of sense lines is seven. Each of the M sense lines is further coupled to
select ones of the N conductive electrodes of the at least two sets of conductive electrodes
to form a number of L sets of parallel coupled conductive electrodes, where L equals M. For
example, in FIG. 2, a first set of parallel coupled conductive electrodes is connected to
sense line S1, a second set of parallel coupled conductive electrodes is connected to sense
line S2, etc. In the illustration of FIG. 2, there are seven sets of parallel coupled conductive

electrodes.

[0017] According to one embodiment, the capacitance-to-voltage converter 16 of FIG. 1
is coupled to the M sense lines (51,52, ..., S7) of the liquid level sensor element 20 for
periodically measuring a capacitance of the L sets of parallel coupled conductive electrodes.
In addition, the controller 18 of FIG. 1 is coupled to the capacitance-to-voltage converter 16,
wherein the controller is configured to (a) establish (a)(i) initial measured baseline
capacitance values for each of the L sets of parallel coupled conductive electrodes and (a)(ii)
an initial liquid level height value. The controller 18 is further configured to (b) detect
transitions in the measured capacitance of the L sets of parallel coupled conductive

electrodes, as further discussed herein, for example, with reference to FIG. 7.

[0018] FIG. 3 shows a schematic representation 300 of the exemplary liquid level
sensing element 14 of FIG. 2 and a graphical representation 400 of liquid level and
associated capacitance changes sensed by the liquid sensing element 14 of FIG. 2. To
illustrate the operation of liquid sensing with element 14, schematic representation 300
includes representations for portions of liquid sensing element 14. As shown, each sensing
line 30, 32, and 34 (labeled as S1, S2, and S7 in FIG. 3 and further relating to corresponding
routing conductors 24 of FIG. 2) may be represented as including a plurality of variable

capacitive values, such as indicated by reference numerals 36, 38, 40, and 42 on sensing
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line 30. As the liquid level changes from a first level to a second level, wherein the first level
is a different level that the second level, the capacitive values of the variable capacitance
values associated with each respective sense line can change depending upon whether
there has been any change in the liquid level affecting the respective ones of the electrodes.
For example, in the context of a liquid in a washing machine, water level can rise or fall as
indicated by bidirectional arrows 31 and 33, respectively, between a first level 35 to a second
level 37, such as shown in FIG. 3. As the water level is rising, the level rises past one or
more electrodes, e.g., electrodes A1 — A7 of a first group of electrodes, electrodes B1 — B7

of a second group of electrodes, and so on.

[0019] For purposes of explanation, consider an example of a washing machine in which
liquid level in the washing machine changes from a first level, as indicated by reference
numeral 46, to a second level, as indicated by reference numeral 48 of graphical
representation 400. The graph illustrates liquid level rising, as indicated by reference
numeral 52 and further illustrates liquid level falling, as indicated by reference numeral 52.
The liquid level reached a peak between rising and falling, as indicated by the dashed line
54. To further understand the liquid level sensor according to the embodiments of the
present disclosure, at liquid level 46, the liquid level has not yet reached electrode A1, as
can be understood from graphical representation 400. As the liquid level continues to rise,
the level reaches and passes corresponding ones of the electrodes A1, A2, A3, A4, A5, AB,
and A7. Note that a corresponding change in capacitance is reflected in corresponding
sense lines S1, S2, S3, S4, S5, S6 and S7. Upon the liquid level reaching and passing
electrode B1 of sense line S1, an additional change in capacitance occurs on sense line S1,
as can be understood from graphical representation 400. In this example, the liquid level
continues to rise to the level indicated by reference numeral 48. As the liquid level continues
rising up to level 48, additional change in capacitance occurs on sense lines S2, S3, and S4.
Subsequently, the liquid level falls, as indicated by reference numeral 52, and corresponding
changes in capacitance in sense lines occur. Note that for the decreasing liquid level 52,
only changes in sense line S4, S3, and S2 are shown, for simplicity of illustration.
Capacitance changes with respect to each sense line as the liquid level rises and falls

between first and second levels operates in a similar manner as discussed in this example.

[0020] Referring now to FIG. 4, the figure comprises a diagrammatic flow chart view of
an exemplary method for liquid level sensing according to one embodiment of the present

disclosure. In one embodiment, the method of implementing liquid level sensing comprises
providing a liquid level sensor element. The liquid level sensor element includes (i) at least

two sets of N conductive electrodes disposed parallel to one another in an array, where N
-5-
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represents an integer number of conductive electrodes in an individual set of conductive
electrodes. The liquid level sensor element further includes (ii) M sense lines, where M
represents an integer number of sense lines greater than or equal to the number of
conductive electrodes N. Each of the M sense lines is coupled to select ones of the N
conductive electrodes of the at least two matching sets of conductive electrodes to form a

number of L sets of parallel coupled conductive electrodes, where L equals M.

[0021] The method further includes periodically measuring a capacitance of the L sets of
parallel coupled conductive electrodes via a capacitance-to-voltage converter coupled to the
M sense lines of the liquid level sensor element, and coupling a controller to the
capacitance-to-voltage converter. The controller is configured to (a) establish (a)(i) initial
measured baseline capacitance values for each of the L sets of parallel coupled conductive
electrodes and (a)(ii) an initial liquid level height value, and further configured to (b) detect
transitions in the measured capacitance of the L sets of parallel coupled conductive

electrodes.

[0022] The step of establishing or adapting 1) baseline values for each sense line (e.g.,
S1-87) and 2) a height value for liquid level being sensed is indicated by block 60 of the flow
chart in FIG. 4. In block 62, the method includes measuring a capacitance of each of the
sense lines (e.g., S1-S7). In block 64, the method queries whether any edges in capacitance
measurements are detected. If no edges are detected, then the process returns to block 62
and measuring the capacitance of the sense lines is repeated. If in block 64, an edge in
capacitance measurement is detected, then the method proceeds to block 66. In block 66,
the method queries whether the detected edge comprises a single edge. If the detected
edge comprises a single edge, corresponding to an incremental change in capacitance, then
the method proceeds to block 68. In particular, if the detected transitions comprise single
edge transitions, then the transitions correspond to incremental changes in capacitance of
one or more of the L sets of parallel coupled conductive electrodes of the at least two sets of
conductive electrodes in response to a physical change in a level of liquid with respect to the

liquid level sensor element.

[0023] In block 68, the previous height value is incremented or decremented as a
function of a positive edge or negative edge, respectively, reflecting either a rise in liquid
level height or a decrease in liquid level height. Subsequent to incrementing or decrementing
the height value in block 68, the method proceeds again to block 60 and establishes or

adapts 1) baseline values of the sense lines and 2) height values as previously discussed.
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[0024] Referring back to block 66, if the detected edge does not comprise a single edge,
then the detected edges correspond to non-incremental changes. Upon the detection of non-
incremental changes, the method then proceeds to block 70. In block 70, the method
performs one of a drift and/or dielectric compensation. In particular, the detected transitions
correspond to non-incremental changes in capacitance of one or more of the L sets of
parallel coupled conductive electrodes of the at least two sets of conductive electrodes as a
result of either 1) a change in dielectric constant of the liquid for which the liquid level is
being sensed, or 2) a drift in measured capacitance values of one or more of the L sets of
parallel coupled conductive electrodes of the at least two sets of conductive electrodes.
Upon performing an appropriate drift and/or dielectric compensation, the method proceeds
again to block 60 and establishes or adapts 1) baseline values of the sense lines and 2)

height values as previously discussed.

[0025] According to the embodiments of the present disclosure, the controller 18 is
configured for performing a number of processes as follows. Responsive to the detected
transitions corresponding to incremental changes in measured capacitance values, the
controller is configured to update the liquid level height value as a function of a number of
the incremental changes in measured capacitance values. In addition, responsive to the
detected transitions corresponding to non-incremental changes in measured capacitance
values that correspond to change in dielectric constant of the liquid, the controller is further
configured to perform a capacitance measurement compensation as a function of the
change in dielectric constant of the liquid. Furthermore, responsive to the detected
transitions corresponding to non-incremental changes in measured capacitance values that
correspond to drift in measured capacitance values, the controller is still further configured to
perform a capacitance measurement compensation by adapting the initial measured
baseline capacitance values for the L sets of parallel coupled conductive electrodes as a

function of the drift.

[0026] Further according to the embodiments of the present disclosure, the capacitance-
to-voltage converter 16 is configured to measure the capacitance of the L sets of parallel
coupled conductive electrodes of the at least two sets of conductive electrodes in a
predetermined order. In one embodiment, the predetermined order is from a sense line of
lowermost matched conductive electrodes to a sense line of uppermost matched conductive
electrodes of the L sets of parallel coupled conductive electrodes of the at least two sets of

conductive electrodes.
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[0027] According to one embodiment, a method of implementing liquid level sensing
comprises providing a liquid level sensor element, periodically measuring a capacitance of
conductive electrodes of the sensor element via a capacitance-to-voltage converter, and
coupling a controller to the capacitance-to-voltage converter. The liquid level sensor element
includes (i) at least two sets of N conductive electrodes disposed parallel to one another in
an array, where N represents an integer number of conductive electrodes in an individual set
of conductive electrodes. The liquid level sensor element further includes (ii) M sense lines,
where M represents an integer number of sense lines greater than or equal to the number of
conductive electrodes N. Each of the M sense lines couples to select ones of the N
conductive electrodes of the at least two matching sets of conductive electrodes to form a
number of L sets of parallel coupled conductive electrodes. In one embodiment, the number

of L sets of parallel coupled conductive electrodes equals the number of M sense lines.

[0028] Periodically measuring a capacitance of the conductive electrodes of the sensor
element via the capacitance-to-voltage converter 16 includes measuring the capacitance of
the L sets of parallel coupled conductive electrodes 22 coupled to the M sense lines (S1, S2,
..., 97) of the liquid level sensor element 20. In addition to coupling the controller 18 to the
capacitance-to-voltage converter 16, the controller 18 is configured to (a) establish (a)(i)
initial measured baseline capacitance values for each of the L sets of parallel coupled
conductive electrodes and (a)(ii) an initial liquid level height value. Controller 18 is further
configured to (b) detect transitions in the measured capacitance of the L sets of parallel

coupled conductive electrodes.

[0029] In one embodiment, the detected transitions correspond to at least one selected
from the group consisting of incremental changes and non-incremental changes in
capacitance. Incremental changes represent incremental changes in capacitance of one or
more of the L sets of parallel coupled conductive electrodes of the at least two sets of
conductive electrodes in response to a physical change in a level of liquid 13 with respect to
the liquid level sensor element 14. Non-incremental changes represent non-incremental
changes in capacitance of one or more of the L sets of parallel coupled conductive
electrodes of the at least two sets of conductive electrodes in response to one of a dielectric
constant change and/or a measurement drift. One example of a dielectric constant change
can include a change in dielectric constant of the liquid for which the liquid level is being
sensed. For example, a soap detergent added to the water of a laundry machine has the
ability to change the dielectric constant of the liquid contained in the laundry machine. The
method of the present disclosure takes into account that the properties of the liquid for which

liquid level is being monitored are subject to change. One example of measurement drift can
-8-
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include a drift in measured capacitance values of one or more of the L sets of parallel

coupled conductive electrodes of the at least two sets of conductive electrodes.

[0030] The method further includes wherein responsive to the detected transitions
corresponding to incremental changes in measured capacitance values, the controller
updates the liquid level height value as a function of a number of the incremental changes in
measured capacitance values. In addition, responsive to the detected transitions
corresponding to non-incremental changes in measured capacitance values that correspond
to change in dielectric constant of the liquid, the controller performs a capacitance
measurement compensation as a function of the change in dielectric constant of the liquid.
Furthermore, responsive to the detected transitions corresponding to non-incremental
changes in measured capacitance values that correspond to drift in measured capacitance
values, the controller performs a capacitance measurement compensation by adapting the
initial measured baseline capacitance values for the L sets of parallel coupled conductive

electrodes as a function of the drift.

[0031] In another embodiment of the method, the capacitance-to-voltage converter
operates to measure the capacitance of the L sets of parallel coupled conductive electrodes
of the at least two sets of conductive electrodes in a predetermined order. The
predetermined order is from a sense line of lowermost matched conductive electrodes to a
sense line of uppermost matched conductive electrodes of the L sets of parallel coupled

conductive electrodes of the at least two sets of conductive electrodes.

[0032] FIG. 5 is an illustrative view of an exemplary liquid level sensing element 80
according to another embodiment of the present disclosure. Liquid level sensing element 80
is similar to sensing element 20 of FIG. 2, with the following differences. Liquid level sensing
element 80 comprises a substrate 20 having electrodes 82 disposed upon a single surface
of the substrate 20. Electrodes 82 may further be coupled to sensing lines 26 using routing
conductors 84. In this embodiment, the routing conductors 84 (indicated in solid lines on
FIG. 5) are disposed on the same surface of the substrate 20 as the electrodes 82, wherein
wherein a dot is shown at the intersection of a corresponding electrode and routing

conductor.

[0033] By now it should be appreciated that there has been provided a liquid level
sensor device comprising: a liquid level sensor element, the liquid level sensor element
including (i) at least two sets of N conductive electrodes disposed parallel to one another in

an array, where N represents an integer number of conductive electrodes in an individual set
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of conductive electrodes, the liquid level sensor element further including (i) M sense lines,
where M represents an integer number of sense lines greater than or equal to the number of
conductive electrodes N, each of the M sense lines further being coupled to select ones of
the N conductive electrodes of the at least two sets of conductive electrodes to form a
number of L sets of parallel coupled conductive electrodes, where L equals M; a
capacitance-to-voltage converter coupled to the M sense lines of the liquid level sensor
element for periodically measuring a capacitance of the L sets of parallel coupled conductive
electrodes; and a controller coupled to the capacitance-to-voltage converter, the controller
being configured to (a) establish (a)(i) initial measured baseline capacitance values for each
of the L sets of parallel coupled conductive electrodes and (a)(ii) an initial liquid level height
value, the controller further configured to (b) detect transitions in the measured capacitance

of the L sets of parallel coupled conductive electrodes.

[0034] The detected transitions can correspond to one or more of (b)(i) incremental
changes in capacitance of one or more of the L sets of parallel coupled conductive
electrodes of the at least two sets of conductive electrodes in response to a physical change
in a level of liquid with respect to the liquid level sensor element, and (b)(ii) non-incremental
changes in capacitance of one or more of the L sets of parallel coupled conductive
electrodes of the at least two sets of conductive electrodes in response to one selected from
(b)(ii)(1) a change in dielectric constant of the liquid for which the liquid level is being
sensed, and (b)(ii)(2) a drift in measured capacitance values of one or more of the L sets of

parallel coupled conductive electrodes of the at least two sets of conductive electrodes.

[0035] In addition, responsive to the detected transitions corresponding to incremental
changes in measured capacitance values, the controller is further configured to update the
liquid level height value as a function of a number of the incremental changes in measured
capacitance values. Responsive to detection of a positive transition corresponding to an
incremental change, the controller updates the liquid level height value by incrementing the
liquid level height value. Responsive to detection of a negative transition corresponding to an
incremental change, the controller updates the liquid level height value by decrementing the

liquid level height value.

[0036] Furthermore, responsive to the detected transitions corresponding to non-
incremental changes in measured capacitance values that correspond to change in dielectric
constant of the liquid, the controller is further configured to perform a capacitance
measurement compensation as a function of the change in dielectric constant of the liquid.

Furthermore, responsive to the detected transitions corresponding to non-incremental
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changes in measured capacitance values that correspond to drift in measured capacitance
values, the controller is further configured to perform a capacitance measurement
compensation by adapting the initial measured baseline capacitance values for the L sets of

parallel coupled conductive electrodes as a function of the drift.

[0037] In a further embodiment, the capacitance-to-voltage converter operates to
measure the capacitance of the L sets of parallel coupled conductive electrodes of the at
least two sets of conductive electrodes in a predetermined order. In addition, the
predetermined order can include beginning from a sense line of lowermost conductive
electrodes and continuing on to a sense line of uppermost conductive electrodes of the L

sets of parallel coupled conductive electrodes.

[0038] In another embodiment, the conductive electrodes are separated from one
another by a predetermined spacing R, where R represents a resolution capability of the
liquid level sensor element. In addition, adjacent electrode pairs of the at least two sets of N
conductive electrodes represent a variable capacitance as between corresponding
electrodes for use in detecting the transitions in measured capacitance as a function of the
liquid for which liquid level is being sensed. Furthermore, in one embodiment, the variable
capacitance as between corresponding electrodes can comprise a value in the pico-farad
(pF) range. Still further, in another embodiment, the resolution capability can comprise

detecting changes in liquid level height on the order of plus or minus (+/-) 1-2 mm.

[0039] In one embodiment, the conductive electrodes and sense lines can comprise one
or more of (i) conductive electrodes and sense lines disposed on a single side of a substrate,
(ii) conductive electrodes and the sense lines disposed on more than one side of a
substrate, and (iii) conductive electrodes and sense lines formed within a substrate. In
addition, a dielectric layer is provided, as may be required for a given implementation, for
electrically isolating the conductive electrodes and the sense lines from the liquid for which

liquid level is being sensed.

[0040] In another embodiment, the liquid level sensor device is implemented in a system
employing liquid level height sensing, for example, a fuel system. In yet another
embodiment, the liquid level sensor device is implemented in a system apparatus employing
liquid level height sensing, for example, wherein the system apparatus comprises a
consumer appliance. Examples of consumer appliances can include a washing machine,

dishwasher, or similar consumer appliances which make use of liquids.
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[0041] According to one embodiment, a liquid level sensor device comprises a liquid
level sensor element, a capacitance-to-voltage converter, and a controller. The liquid level
sensor element includes (i) at least two sets of N conductive electrodes disposed parallel to
one another in an array, where N represents an integer number of conductive electrodes in
an individual set of conductive electrodes. The liquid level sensor element further includes
(i) M sense lines, where M represents an integer number of sense lines greater than or
equal to the number of conductive electrodes N, each of the M sense lines further being
coupled to select ones of the N conductive electrodes of the at least two sets of conductive
electrodes to form a number of L sets of parallel coupled conductive electrodes, where L
equals M. In addition, the conductive electrodes and sense lines can comprise one or more
of (a) conductive electrodes and sense lines disposed on a single side of a substrate, (b)
conductive electrodes and the sense lines disposed on more than one side of a substrate,

and (c) conductive electrodes and sense lines formed within a substrate.

[0042] The capacitance-to-voltage converter couples to the M sense lines of the liquid
level sensor element. The capacitance-to-voltage converter is configured to periodically
measure a capacitance of the L sets of parallel coupled conductive electrodes. In addition,
the controller couples to the capacitance-to-voltage converter. The controller is configured to
(a) establish (a)(i) initial measured baseline capacitance values for each of the L sets of
parallel coupled conductive electrodes and (a)(ii) an initial liquid level height value, the
controller further configured to (b) detect transitions in the measured capacitance of the L
sets of parallel coupled conductive electrodes. The detected transitions correspond to at
least one selected from the group consisting of (b)(i) incremental changes in capacitance of
one or more of the L sets of parallel coupled conductive electrodes of the at least two sets of
conductive electrodes in response to a physical change in a level of liquid with respect to the
liquid level sensor element and (b)(ii) non-incremental changes in capacitance of one or
more of the L sets of parallel coupled conductive electrodes of the at least two sets of
conductive electrodes. The non-incremental changes can include (1) a change in dielectric
constant of the liquid for which the liquid level is being sensed and (2) a drift in measured

capacitance.

[0043] Responsive to the detected transitions corresponding to incremental changes in
measured capacitance values, the controller is further configured to update the liquid level
height value as a function of a number of the incremental changes in measured capacitance
values. Responsive to the detected edge transitions corresponding to non-incremental
changes in measured capacitance values that correspond to change in dielectric constant of

the liguid, the controller is further configured to perform a capacitance measurement
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compensation as a function of the change in dielectric constant of the liquid. Responsive to
the detected edge transitions corresponding to non-incremental changes in measured
capacitance values that correspond to a drift in measured capacitance values of one or more
of the L sets of parallel coupled conductive electrodes of the at least two sets of conductive
electrodes, the controller is further configured to perform a capacitance measurement
compensation by adapting the initial measured baseline capacitance values (and any
subsequent re-initialized measured baseline capacitance values) for the L sets of parallel

coupled conductive electrodes as a function of the drift.

[0044] Because the apparatus implementing the present invention is, for the most part,
composed of electronic components and circuits known to those skilled in the art, circuit
details will not be explained in any greater extent than that considered necessary as
illustrated above, for the understanding and appreciation of the underlying concepts of the
present invention and in order not to obfuscate or distract from the teachings of the present

invention.

[0045] Although the invention has been described with respect to specific conductivity
types or polarity of potentials, skilled artisans appreciated that conductivity types and

polarities of potentials may be reversed.

[0046] Moreover, the terms “front,” “back,” “top,” “bottom,” “over,” “under” and the like in
the description and in the claims, if any, are used for descriptive purposes and not
necessarily for describing permanent relative positions. It is understood that the terms so
used are interchangeable under appropriate circumstances such that the embodiments of
the invention described herein are, for example, capable of operation in other orientations

than those illustrated or otherwise described herein.

[0047] Although the invention is described herein with reference to specific
embodiments, various modifications and changes can be made without departing from the
scope of the present invention as set forth in the claims below. Accordingly, the specification
and figures are to be regarded in an illustrative rather than a restrictive sense, and all such
modifications are intended to be included within the scope of the present invention. Any
benefits, advantages, or solutions to problems that are described herein with regard to
specific embodiments are not intended to be construed as a critical, required, or essential

feature or element of any or all the claims.

[0048] The term “coupled,” as used herein, is not intended to be limited to a direct
coupling or a mechanical coupling.
-13-
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[0049] Furthermore, the terms “a” or “an,” as used herein, are defined as one or more
than one. Also, the use of introductory phrases such as “at least one” and “one or more” in
the claims should not be construed to imply that the introduction of another claim element by
the indefinite articles "a" or "an" limits any particular claim containing such introduced claim
element to inventions containing only one such element, even when the same claim includes

the introductory phrases "one or more" or "at least one" and indefinite articles such as "a" or

"an." The same holds true for the use of definite articles.

[0050] Unless stated otherwise, terms such as “first” and “second” are used to arbitrarily
distinguish between the elements such terms describe. Thus, these terms are not

necessarily intended to indicate temporal or other prioritization of such elements.
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CLAIMS

What is claimed is:
1. A liquid level sensor device comprising:

a liquid level sensor element, the liquid level sensor element including (i) at least two
sets of N conductive electrodes disposed parallel to one another in an array, where N
represents an integer number of conductive electrodes in an individual set of conductive
electrodes, the liquid level sensor element further including (ii) M sense lines, where M
represents an integer number of sense lines greater than or equal to the number of
conductive electrodes N, each of the M sense lines further being coupled to select ones of
the N conductive electrodes of the at least two sets of conductive electrodes to form a
number of L sets of parallel coupled conductive electrodes, where L equals M;

a capacitance-to-voltage converter coupled to the M sense lines of the liquid level
sensor element for periodically measuring a capacitance of the L sets of parallel coupled
conductive electrodes; and

a controller coupled to the capacitance-to-voltage converter, the controller being
configured to (a) establish (a)(i) initial measured baseline capacitance values for each of the
L sets of parallel coupled conductive electrodes and (a)(ii) an initial liquid level height value,
the controller further configured to (b) detect transitions in the measured capacitance of the L

sets of parallel coupled conductive electrodes.

2. The device of claim 1, wherein the detected transitions correspond to at least one
selected from the group consisting of
(b)(i) incremental changes in capacitance of one or more of the L sets of parallel
coupled conductive electrodes of the at least two sets of conductive
electrodes in response to a physical change in a level of liquid with respect to
the liguid level sensor element, and
(b)(ii) non-incremental changes in capacitance of one or more of the L sets of parallel
coupled conductive electrodes of the at least two sets of conductive
electrodes in response to one selected from
(b)(ii)(1) a change in dielectric constant of the liquid for which the liquid level
is being sensed, and
(b)(ii)(2) a drift in measured capacitance values of one or more of the L sets
of parallel coupled conductive electrodes of the at least two sets of

conductive electrodes.
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3. The device of claim 2, wherein responsive to the detected transitions corresponding
to incremental changes in measured capacitance values, the controller is further configured
to update the liquid level height value as a function of a number of the incremental changes

in measured capacitance values.

4, The device of claim 3, further wherein responsive to detection of a positive transition
corresponding to an incremental change, the controller updates the liquid level height value
by incrementing the liquid level height value, and

wherein responsive to detection of a negative transition corresponding to an
incremental change, the controller updates the liquid level height value by decrementing the

liquid level height value.

5. The device of claim 2, wherein responsive to the detected transitions corresponding
to non-incremental changes in measured capacitance values that correspond to change in
dielectric constant of the liquid, the controller is further configured to perform a capacitance
measurement compensation as a function of the change in dielectric constant of the liquid,
and

wherein responsive to the detected transitions corresponding to non-incremental
changes in measured capacitance values that correspond to drift in measured capacitance
values, the controller is further configured to perform a capacitance measurement
compensation by adapting the initial measured baseline capacitance values for the L sets of

parallel coupled conductive electrodes as a function of the drift.

6. The device of claim 1, wherein the capacitance-to-voltage converter operates to
measure the capacitance of the L sets of parallel coupled conductive electrodes of the at

least two sets of conductive electrodes in a predetermined order.

7. The device of claim 6, wherein the predetermined order is from a sense line of
lowermost conductive electrodes to a sense line of uppermost conductive electrodes of the L

sets of parallel coupled conductive electrodes.
8. The device of claim 1, wherein the conductive electrodes are separated from one

another by a predetermined spacing R, where R represents a resolution capability of the

liquid level sensor element.
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9. The device of claim 8, further wherein adjacent electrode pairs of the at least two
sets of N conductive electrodes represent a variable capacitance as between corresponding
electrodes for use in detecting the transitions in measured capacitance as a function of the

liquid for which liquid level is being sensed.

10. The device of claim 9, further wherein the variable capacitance as between

corresponding electrodes comprises a value in the pico-farad (pF) range.

11. The device of claim 8, further wherein the resolution capability comprises detecting

changes in liquid level height on the order of plus or minus (+/-) 1-2 mm.

12. The device of claim 1, wherein the conductive electrodes and sense lines comprise
one selected from the group consisting of (i) conductive electrodes and sense lines disposed
on a single side of a substrate, (ii) conductive electrodes and the sense lines disposed on
more than one side of a substrate, and (iii) conductive electrodes and sense lines formed

within a substrate.

13. The device of claim 12, further comprising:
a dielectric layer for electrically isolating the conductive electrodes and the sense

lines from the liquid for which liquid level is being sensed.

14. The device of claim 1, wherein the liquid level sensor device is implemented in one
selected from the group consisting of a system employing liquid level height sensing and

system apparatus employing liquid level height sensing.

15. The device of claim 14, further wherein the system comprises a fuel system and
wherein the system apparatus comprises a consumer appliance that includes one selected

from the group consisting of a washing machine and a dishwasher.

16. A liquid level sensor device comprising:

a liquid level sensor element, the liquid level sensor element including (i) at least two
sets of N conductive electrodes disposed parallel to one another in an array, where N
represents an integer number of conductive electrodes in an individual set of conductive
electrodes, the liquid level sensor element further including (ii) M sense lines, where M
represents an integer number of sense lines greater than or equal to the number of

conductive electrodes N, each of the M sense lines further being coupled to select ones of
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the N conductive electrodes of the at least two sets of conductive electrodes to form a
number of L sets of parallel coupled conductive electrodes, where L equals M, further
wherein the conductive electrodes and sense lines comprise one selected from the group
consisting of (a) conductive electrodes and sense lines disposed on a single side of a
substrate, (b) conductive electrodes and the sense lines disposed on more than one side of
a substrate, and (c¢) conductive electrodes and sense lines formed within a substrate;

a capacitance-to-voltage converter coupled to the M sense lines of the liquid level
sensor element for periodically measuring a capacitance of the L sets of parallel coupled
conductive electrodes; and

a controller coupled to the capacitance-to-voltage converter, the controller being
configured to (a) establish (a)(i) initial measured baseline capacitance values for each of the
L sets of parallel coupled conductive electrodes and (a)(ii) an initial liquid level height value,
the controller further configured to (b) detect transitions in the measured capacitance of the L
sets of parallel coupled conductive electrodes, wherein the detected transitions correspond
to at least one selected from the group consisting of

(b)(i) incremental changes in capacitance of one or more of the L sets of parallel
coupled conductive electrodes of the at least two sets of conductive
electrodes in response to a physical change in a level of liquid with
respect to the liquid level sensor element, wherein responsive to the
detected transitions corresponding to incremental changes in measured
capacitance values, the controller is further configured to update the liquid
level height value as a function of a number of the incremental changes in
measured capacitance values, and

(b)(ii) non-incremental changes in capacitance of one or more of the L sets of
parallel coupled conductive electrodes of the at least two sets of
conductive electrodes in response to one selected from

(b)(ii)(1) a change in dielectric constant of the liquid for which the liquid level
is being sensed, wherein responsive to the detected edge transitions
corresponding to non-incremental changes in measured capacitance
values that correspond to change in dielectric constant of the liquid,
the controller is further configured to perform a capacitance
measurement compensation as a function of the change in dielectric
constant of the liquid, and

(b)(ii)(2) a drift in measured capacitance values of one or more of the L sets
of parallel coupled conductive electrodes of the at least two sets of

conductive electrodes, wherein responsive to the detected transitions

-18-



WO 2009/085495 PCT/US2008/084624

corresponding to non-incremental changes in measured capacitance
values that correspond to drift in measured capacitance values, the
controller is further configured to perform a capacitance measurement
compensation by adapting the initial measured baseline capacitance
values for the L sets of parallel coupled conductive electrodes as a

function of the drift.

17. A method of implementing liquid level sensing comprising:

providing a liquid level sensor element, the liquid level sensor element including (i) at
least two sets of N conductive electrodes disposed parallel to one another in an array, where
N represents an integer number of conductive electrodes in an individual set of conductive
electrodes, the liquid level sensor element further including (ii) M sense lines, where M
represents an integer number of sense lines greater than or equal to the number of
conductive electrodes N, each of the M sense lines further being coupled to select ones of
the N conductive electrodes of the at least two matching sets of conductive electrodes to
form a number of L sets of parallel coupled conductive electrodes, where L equals M;

periodically measuring a capacitance of the L sets of parallel coupled conductive
electrodes via a capacitance-to-voltage converter coupled to the M sense lines of the liquid
level sensor element; and

coupling a controller to the capacitance-to-voltage converter, the controller being
configured to (a) establish (a)(i) initial measured baseline capacitance values for each of the
L sets of parallel coupled conductive electrodes and (a)(ii) an initial liquid level height value,
the controller further configured to (b) detect transitions in the measured capacitance of the L

sets of parallel coupled conductive electrodes.

18. The method of claim 17, wherein the detected transitions correspond to at least one
selected from the group consisting of
(b)(i) incremental changes in capacitance of one or more of the L sets of parallel
coupled conductive electrodes of the at least two sets of conductive
electrodes in response to a physical change in a level of liquid with respect to
the liguid level sensor element, and
(b)(ii) non-incremental changes in capacitance of one or more of the L sets of parallel
coupled conductive electrodes of the at least two sets of conductive
electrodes in response to one selected from
(b)(ii)(1) a change in dielectric constant of the liquid for which the liquid level

is being sensed, and
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(b)(ii)(2) a drift in measured capacitance values of one or more of the L sets
of parallel coupled conductive electrodes of the at least two sets of

conductive electrodes.

19. The method of claim 18, further wherein

responsive to the detected transitions corresponding to incremental changes in
measured capacitance values, the controller is further configured to update the liquid level
height value as a function of a number of the incremental changes in measured capacitance
values, and

responsive to the detected transitions corresponding to non-incremental changes in
measured capacitance values that correspond to change in dielectric constant of the liquid,
the controller is further configured to perform a capacitance measurement compensation as
a function of the change in dielectric constant of the liquid, and

responsive to the detected transitions corresponding to non-incremental changes in
measured capacitance values that correspond to drift in measured capacitance values, the
controller is further configured to perform a capacitance measurement compensation by
adapting the initial measured baseline capacitance values for the L sets of parallel coupled

conductive electrodes as a function of the drift.

20. The method of claim 17, wherein the capacitance-to-voltage converter operates to
measure the capacitance of the L sets of parallel coupled conductive electrodes of the at
least two sets of conductive electrodes in a predetermined order, and wherein the
predetermined order is from a sense line of lowermost matched conductive electrodes to a
sense line of uppermost matched conductive electrodes of the L sets of parallel coupled

conductive electrodes of the at least two sets of conductive electrodes.
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