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CAPACITIVE FLUID LEVEL SENSING

BACKGROUND

{0001} Capacitive fevel sensors are used to determine fluid levels in a wide
variety of different applications. Capacitive fluid level sensars have one or more
glectrical conductors that are responsive to changes the dielectric properties of the
surrounding environment, such as those caused by changes in the material composition
in the region of capacitive coupling between the conductors. The fluid level can be
determined from the measured capacitance. For example, one or more electrodes can
be located at respective fluid levels and changes in the measured electrode capacitance
at each location can be detected {o obtain an indication of the presence or absence of a
flutd near the conductors and hence the fluid level. Alternatively, one or more
electrodes may exiend continuously along a fluid level dimension and the fluid level can
be ascertained by determining the proportion of the electrical conductors that is

immersed in the fluid from the measured electrode capacitance.

DESCRIPTION OF DRAWINGS

{0002] FIG. 1is a block diagram of a fluid level sensor measuring levels of
two substantially immiscible fluids in a container according to an embodiment of the
disclosure.

{0003} FIG. 2 is a flow diagram of a method according o an embodiment of
the disclosure.

{0004] FIG. 3 is a block diagram illustrating the basic components of a digital
liquid electro printer system according to an embodiment of the disclosure.

{00051  FIG. 4 is a block diagram of a fluid level sensor measuring levels of
printer ink and an overlying vapor in a liquid slectro prinfing (LEP) ink receptacle
according to an embodiment of the disclosure.

DETAILED DESCRIPTION
{0006]  In the following description, hike reference numbers are used to identify
like elemenis. Furthermore, the drawings are intended to illustrate major features of
exemplary embodiments in a diagrammatic manner. The drawings are not intended to
depict every feature of actual embodiments nor relative dimensions of the depicted

glements, and are not drawn {o scale.
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{00071  Acompuder” is any machine, device, or apparatus that processes data
according to computer-readable instructions that are stored on a computer-readable
medium either temporarily or permanently.

{0008}  The term “computer-readable medium” refers to any tangible, non-
transitory medium capable storing information {e.g., instructions and data) that is
readable by a machine (e.g., a computer). Slorage devices suitable for tangibly
embodying such information include, but are not limited to, all forms of physical, non-
transitory computer-readable memory, including, for example, semiconductor memory
devices, such as random access memory (RAM), EPROM, EEPROM, and Flash
memory devices, magnetic disks such as internal hard disks and removabie hard disks,
magneto-optical disks, DVD-ROM/RAM, and CD-ROM/RAM.

{00081  As used herein, the term “liquid electro printing” (LEP) refers to a
process of prinfing in which ink is printed through an electnc fisld onto a surface to form
an electrostatic pattemn. In most LEP processes, this pattern is then transferred to at
least one intermediate surface, and then to a substrate. The term "liquid electro printer”
refers to a printer capable of LEP.

[0010]  The embodiments that are described herein provide capacitive
measurement of relative levels of at least two substantially immiscible fluids i1 a way
that is insensitive to dynamic fluctuations in the dislectric properties of the fluids that
might be caused by, for example, temperature changes, pressure changes, and fluid
movement. At least some of these embodiments incorporate dynamic measurements of
the dielectric properties of the different fluids inlo the relative fluid level measurements
along a measurement dimension to automatically account for changes in the dielectnic
properties of the fluids. In this way, these embodiments are able to achieve relatively
high fluid level measurement accuracy in a wide range of dynamic fluid environments,
including highly volatile printer ink receptacies.

{00111 FIG. 1 shows an embodiment of a fluid level sensor 10 that has a first
portion that is immersed in a first fluid 12 and a second portion that is immersed in a
second fluid 14 in a container 13. The first and second fluids may be any types of
substantially immiscible fluids. The immiscible fluids may be, for example: agasora
mixture of gases {e.g., air and/or a vapor} and a liquid {(e.g., water, fuel, ink}; two
immiscible liquids (e.q., water and an oil-based liquid); and a liquid and a solid {e.g., ink
and ink sediment). In one example, the first fluid 12 is a printer ink, and the second flud
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is & mixiure of air and ink vapor. The first and second fluids 12, 14 meet at a fluid
interface 15 that defines the relative levels of the fluids in the container 13.

{00121  The fluid level sensor 10 includes a support structure 16, a level
measurement capacitive sensor 18, a first capacitive calibration sensor 20, a second
capacitive calibration sensor 22, and circuitry 24. In some embodiments, the support
structure 16 is a printed circuit board (PCB), the sensors 18-22 include electrical fraces
formed on the PCB, and the circuitry 24 includes circuit components formed on the
PCB. In some embodiments, the sensors 18-22 and the circuitry 24 are coated with an
electrically insulating PCB mask layer that protects the sensors 18-22 and the circuitry
24 against direct exposure to the first and second fluids 12, 14. The PCB mask layer
allows the fluid level sensor 10 {o measure fluid level with fluids that are electrically
conductive and without the disruption that otherwise would be caused by direct
exposure of the sensors 18-22 {o such electrically conductive fluids.

{0013] The level measurement capacitive sensor 18 spans from a lower end
26 to a higher end 28 of a fluid level measurement range 30 along a measurement
dimension of the support structure16. The first capacitive calibration sensor 20 is below
the tower end of the fluid level measurement range 30, and the second capacitive
calibration sensor 22 is above the upper end of the fluid level measurement range 30,
In the illustrated embodiment, each of the sensors 18-22 includes at least one pair of
electrically conductive fraces on the support structure 16. The sizes and shapes of the
sensors 18-22 may vary depending on the fluid level measurement application.

[0014]  The circuilry 24 includes a processor 32, a memory 34, an optional
temperature sensor 35, and other circuit components (e.g., electrical conductors
connected o the sensors 18-22, signal generating components, and signal processing
components) for driving the sensors 18-22 and processing the electrical signals
generated by the sensors 18-22 in response to the drive signals. The circuitry 24 may
be powered by an internal power source (e.g., a battery) or an external power source.
In other embodiments, the circuitry 24 includes the sensor electrical traces and other
passive components that are coupled through a wired or wireless connection {0 a
remote circuit that drives the circuitry 24 and processes the electrical response signals
generated by the sensors 18-22; in these embodiments, the functionality of the
processor 32 may be performed by a processing component (e.4., a central processing
unit) of the remaote circutt.
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{0015]  FIG. 2 shows an embodimeant of a method by which the circuitry 24
provides capacitive measurements of the relative igvels of the first and second fluids 12,
14 in a way that automatically accounts for any changes in the dielectric properties of
the fluids 12, 14.

{0016]  In accordance with the method of FIG. 2, the circuitry 24 measures 8
capacitance of the level measurament capacitive sensor 18 (FIG. 2, block 40}, a
capacitance of the first capacitive calibration sensor 20 (FIG. 2, block 42}, and a
capacitance of the second capacitive calibration sensor 22 (FIG. 2, block 44). The
circuitry 24 may measure the capacitances of the sensors 18-22 in any of a variety of
different ways. For exampile, the circuitry may measure the capacitances using any of
resonant circuit based capacitance measurement techniques, constant current source
based capacitance measurement {echniques, and step-voltage based capacitance
measurement techniques.

{0017}  After the capacitances of the sensors 18-22 have been measured, the
circuitry 24 determines a fluid level measurement value indicating a degree to which the
lower end 26 of the fluid level measurement range 30 is immersed in the first fluid 12
and the upper end 28 of the fluid level measurement range 30 is immersed in the
second fluid 14 based on a capacitance of the level measurement capacitive sensor 18,
a first calibration value characterizing the first fluid and derived from a capacitance of
the first calibration sensor 20, and a second calibration value characterizing the second
fluid and derived from a capacitance of the second calibration sensor 22 {FIG. 2, block
48). In some embodiments, the fluid level measurement value is derived from a
mapping of a distance from the lower end 26 of the fluid level measurement range 30 to
the measured level of the fluid interface 15 to a depth level within the container 13.

{0018]  In some embodiments, in determining the fluid level measurement
value, the circuitry 24 accounts for changes in dislectric characteristics at the lower end
26 of the fluid level measurement range 30 based on the capacifance of the first
capacitive calibration sensor 20 and accounts for changes in dislectric characteristics at
the upper end 28 of the fluid level measurement range 30 based on the capacitance of
the second capacitive calibration sensor 22.

{0019]  In some of these embodimants, the circuitry 24 determines the flud
level measurement value based on a model of the fluid level sensor 10 in which the
dielectric characteristics of the first and second fluids 12, 14 are respectively determined
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from the measured capacitances of the first and second calibration sensors 20, 22 and
used to estimate the respective portions of the level measurement capacitive sensor 18
that is immaersed in the first and second fluids 12, 14, In particular, the contribution of
the portion of the level measurement capacitive sensor 18 that is immersed in the first
fluid 12 is estimated based on the measured capacitance of the first calibration sensor
20, and the contribution of the portion of the level measurement capacitive sensor 18
that is immersed in the second fluid 14 is estimated based on the measured
capacitance of the second calibration sensor 22

{00201  In one exampie, the fluid level measurement value is determined
based on a model that assumes that the first calibration sensor is immersed completely
in the first fluid 12 and the second calibration sensor is immersed completely in the
second fluid 14. A mathematical expression of this mode! is presented in the following
paragraphs. The sensors 18-22 initially are measured togsther in a uniform
environment {o obtain respective scaling capacitance values, which are used to scale
the capacitance values of the sensors that are measured when determining the
instantaneous fluid level measurement values. In addition to compensating for
differences in the sizes, geomstries, and material compositions of the sensors, the
scaling of the capacitance measurements by the scaling capacitance values helps {o
compensate for the differences in fringe fields between the sensors.

{0021}  The portions of the level measurement capacitive sensaor 18 that are
respectively immersed in the first and second fluids 12, 14 contribute to the measured

capacitance (( ) of the level measurement capacitive sensor 18 as follows:
Coge = O+ = py- O {1)

where (7 is the expecied capacitance of the level measuwrement capacitive sensor 18 if
it were immersed completely in the first fluid 12, the product p- ', is the capacitance of
the portion (p) of the level measurement capacitive sensor 18 that is immersed in the
first fluid 12, C, is the expected capacitance of the level measurement capacitive
sensor 18 if it were immersed completely in the second fluid 14, the product {1 p)- €.,
is the capacitance of the portion {1-p} of the level measurement capacitive sensor 18

that is immersed in the second fluid 14, and p has & value between 0 and 1.

{00221  Solving for p, equation (1) can be rawritten as follows:
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p= (”—( (2)

{00231 In some embodiments, the value p can be converted into the fluid level

measurement value (L) in accordance with equation {3}

L o=  Ap+B ”

where A and B are respective constant values that are used {o map p 1o a depth level
within the container 13; for example, in some embodiments, A is the length of capacitive
sensor 18 and B is the distance from the bottom of the container 13 to the bottom of
sensor 18 {see FIG. 1).

{0024]  The measured capacitances Cnig, Cman, and Ceyz of the level
measurament capacitive sensor 18,the first calibration sensors 20, and the second
catibration sensor 22 can be used to estimate the values of (| and (,, as follows:

Cyo=f (L. catts> Cpnos © (::ame) (4}

C.=¢g (("l{’_}rHS Coans C-'(:?afzs) (5)
where Copes Copag. aid oy are calibration capacitances of the level measurement
capacitive sensor 18 and the first and second calibration sensors 20, 22 that are

measurad when the sensors 18-22 collectively are immersed completely in a calibration

fluid {e.g., air), f(“) is a function that maps the calibration capacitance Ceans of the

level measurement capacitive sensor 18 to Gy, g(") is a function that maps the
calibration capacitance Cea 15 Of the level measurement capacitive sensor 18 to G,
Equations (4) and (5) are premised on the assumption that the first capacitive
calibration sensor is completely immersed in the first fluid 12 and the second capacitive

calibration sensor is compietely immersed in the second fiud 14.
{00251  In some embodiments, the functions f(*) and QM are given by
gguations (6) and {7}

~ 2] 1 T e . ~t .
J ({"'(ﬁ‘ai’ESﬂ ("1132(3?("(?(1120 b= oy (8)
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where X and [ are correction factors that may be determined theoretically based on
the sizes, geometries, layout, and material properties of the sensors 18-22, or they may
be determined empirically. For ideal sensors, & = /3” =1

{0026] By replacing 7, and (, in equation {3} with the functions
b ({‘f.l'wm?(L'fmm,(’ffi.;i.h,.g(j) and g((ﬁf(;mns,(ﬁ..*mzzatfl’mm) in accordance with equations (4} and
{5) and then solving for p, the fluid level measurement value (L) can be determined from

the measured capacitances of the level measurement capacitive sensor 18, the first
calibration sensor 20, and the second calibration sensor 22 by evaluating equation {(8);

-y e o -y
{ s {i{({ Cailas ( F ( Snf22 ) J
N . ——z+ f (8)
it s G 3= 20 Cogn O )
f {\{ CaflB e ( mas L Cd 30 é?( IR Y w2 e N i 33

L=4d-

By determining the fluid level measurement value (L) in this way, the circuitry 24 can
account for changes in dielectric characteristics at the lower end 26 of the fluid level
measurement range 30 based on the capacitance of the first capacitive calibration
sensor 20 and can account for changes in dielectric characteristics at the upper end 28
of the fluid level measurement range 30 based on the capacitance of the second
capacitive calibration sensor 22.

{00271  Embodiments that include the optional temperature sensor 35 {see
FIG. 1) may be configured to measure not only the level but also the quantity of fluid in
int the container 13 in a way that compensates for artifact variations in liquid volume
caused by variations of the liguid temperature. This feature has particular utility for
apphcations, such as ink-based printer applications, that need to control and maintain a
substantially constant quantity of one or more of the fluids in the container 13, For
exampie, in a typical digital LEP printer, the level in the ink tank is at #s maximum when
the pumps are turned off and all of the ink has drained back into the tank. Before a print
job is started, pumps are turned on and ink flows through the binary ink developers
{BIDs), which result in a large amount of ink volume being removed from the ink tank to
fill the hoses and BID. i the ink tank is full {L=L_full} with pumps off, the ink level will
drop to a significantly lower operating level (L=L_oper} when the pumps are turned on.
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While the pumps are on, ink is added to the tank at the same time the ink temperalure is
changing. It is important not to add too much ink to the ink fank during this state so as
to avoid having the ink tank overflow when the pumps are turned off.

[0028] The volume of a fluid as a functlion of temperature can be described by

the following equation:
Py =, va(T-1,) (9)

where V(1) is the fluid volume as a function of the fluid temperature (1), the parameter o
is the thermal expansion coefficient of the fluid, and Ty is a reference temperature of the
fluid at which the liquid volume is V.

{0029]  Based on equation (7), embodiments of the circuilry 24 can
compensate for changes in fluid volume caused by changes in temperature in order to
maintain a farget quantity of fluid in the container 13. For example, in some
embodiments, the circuitry 24 compensates for thermal expansion based on equation
(7)), the cross-sectional area (A) of the container 13, and the instantaneous temperature
T of the fiuid measured by the temperature sensor 35. in these embodiments, the

change in fluid level (AH (7)) due to temperature change is given by
A (T) = % (¥(1)-12) (10)

In these embodiments, the circuitry 24 may be configured {o maintain the fluid quantity

constant by offsetting the measured fluid level (L) by the change in fluid tevel (AH(T))

due to temperature. In a closed-loop process, a controlier coupled to the circuitry 24
iteratively may maintain the fluid in the container 13 at a level that approaches Hy+ AH
nsiead of Hg, where Hg is the nominal liquid guantity at the temperature Tp.

{0030] Because of its ability to achieve relatively high fluid level measurement
accuracy in a wide range of dynamic fluid environments, the fluid level sensor 10 has
particular wility in measuring levels and/or guantities of printer inks, which are subject to
sporadic changes in temperalure, pressure, and ink level, For example, in some
embodiments, the fluid level sensor 10 may be used produce an “out-of-fluid” signal
when the prinling fluid volume drops below a predetermined level in the printing fluid
reservoir, or to produce an indication of how much printing fluid remains in the printing
ink reservoir.
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{00311  In general, embodiments of the fluid level sensor 10 may be
incorporated into any type of printing device, including a printer, facsimile machine,
copier, or a hybrid device that combines the functionalities of more than one of these
devices. In an illustrative example, FIGS. 3 and 4 show an embodiment 52 of the fluid
level sensor (FLS) 10 that is able {0 monitor the level and quantity of ink in an
embodiment of a digital LEP system 100.

[0032] Referring to FIG. 3, in an exemplary operation of the
digital LEP system 100, a desired image is initially formed on a photo imaging cylinder
105, transferrad to a blanket cylinder 120, and then fransferred {0 a substrate 140. The
desired image is communicated to the printing system 100 in digital form. The desired
image may be text, pictures, black/white images, partial color, full color images, or any
combination of text and images.

{0033] According to one illustrative embodiment, an image is formed on the
photo imaging cylinder 105 by rotating a clean, bare segment of the phote imaging
cylinder 105 under a photo charging unit 110, A uniform static charge is deposited on
the photo imaging cylinder 105 by a corona wire. As the photo imaging cylinder 105
continues to rotate, i passes through the laser imaging portion of the photo charging
unit 110. A number of diode lasers dissipaie the static charges in portions of the image
area to leave an invisible electrostatic charge patiern that replicates the image to be
printed.

{0034] A number of ink tanks 160 contain inks that are supplied to
corresponding Binary Ink Developer (BID) units 115, There is one BID unit 115 for
each ink color, According to one illusirative embodiment, the ink is supplied in
concentrated form in an ink can 155, Concentrated ink paste is dispensed from
the ink can 155% into the ink tank 160. In the ink tank 160, the concentrated paste is
mixed with imaging ol 1o form the ink. The characteristics of the ink in the ink tank 160
are carefully controlled to maintain the printing guality of the system. For example,
the ink tank 160 may contain a number of sensors which detect the temperature,
density, amount, and flow rate of the ink. If any of these parameters drift out of a set
range, appropriate correction is taken. For example, if the temperature of the ink is too
high, coolant may be circulated through a heat exchanger in the ink tank o cool the ink.
If the density of the ink is {00 low, more ink solids may be added from the ink can 155,
In some embodiments, the level sensor has enough resolution and speed that it can be
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used 1o monitor the rate of ink level drop when the pumps are turmned on {8.g.. going
from L_full to L_oper); this rate, along with the knowledge of the cross sectional area of
the tank, then can be used to calculate the flow rate to the BiDs.

[0035] A pump inside the ink tank 160 provides the assaociated BID 115 with
the desired amount of ink through a tube 150, The excess ink from the BID is retumed
to the ink tank 160 through a separate return line. This excess ink is reconditioned in
the ink tank 160 and recircutated to the BID 115

[0036]  During printing, the appropriate BiD unit is engaged with the photo
imaging cylinder 105. The engaged BID unit presenis an inking roller which has a
uniform film of ink to the photo imaging cvlinder 105. The ink contains electrically
charged pigmenti particles which are attracted to the opposing electrical fields on the
image areas of the photo imaging cytinder 105, The ink is repelled from the non-image
areas. The photo imaging cylinder 105 now has a single color ink image on its surface.
According to illustrative embodiment, the photo imaging cylinder 105 continues to rotate
and transfers the ink image to a blanket cylinder 120. The process of transferring
the ink image from its origin on the photo imaging cylinder is called “offset printing” The
offset printing method has several advantages. First, the offset process protects the
photo imaging cylinder from wear which would occur if the substrate was {o directly
contact the photo imaging cylinder. Second, the blanket cylinder 120 is covered with a
renewable rubber blanket. This rubber blankeat compensates for unevenness of the
substrate surface and deposits ink uniformly into the bottom of any depressions or
grain. Consequently, the illustrative digital LEP system can print on a very wide range
of substrate surfaces, texturas, and thicknasses.

[0037]  The substrate 140 enters the printing system 100 from the right,
passes over a feed fray 125, and is wrapped onio the impression cylinder 130, As the
substrate 140 contacts the blanket cylinder 120, the single color ink image is transferred
to the substrate 140.

{0038] The photo imaging cylinder 105 continues to rotate and brings the
portion of the cylinder surface which previously held the ink image info a cleaning
station 135. The cleaning station 135 serves muitiple purposes, including cleaning any
stray particulates or fluids from the photo imaging cylinder 105 and coaling the outer

surface of the photo imaging cylinder 105, The creation, transfer, and cleaning of the
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photo imaging cylinder 105 is a continuous process, with hundreds of images being
created and transferred per minute.

{00391 To form a single color image (such as a black and white image), one
pass of the substrate between the impression cylinder 130 and blanket cylinder 120
compiletes transfer of the image. For a multiple color image, the substrate is retained on
the impression cylinder and makes mulliple contacts with the blanket cylinder 120, At
each contact, an additional color is placed on the substrate. For example, to generate a
four color image, the photo charging unit 110 forms a second pattern on the photo
imaging cylinder 105) which receives the second ink color from a second
binary ink developer. As described above, this second ink pattern is transferred o the
blanket cylinder 120 and impressed onto the substrate as it continues o rotate with the
impression cylinder 130. This continues until the desired image is formed on the
substrate. Foliowing the complete formation of the desired image on the subsirate 140,
the substrate 140 can exit the machine or be duplexed to create second image on the
opposite surface of the substrate 140,

{00401 As shown in FIG. 3, there may be a number of ink tanks and
associated BiDs 115, A widely used offse! printing technigue is 1o use four process
colors: Cyan, Magenta, Yellow, and Key (black}. Some more advance processes use
six process colors to compensate for limitations in the four-color method. Additionally,
spot colors may be desirable to achieve the desired visual or textual effect. For
exampie, spot colors may produce metallic, fluorescent, spot varnish, coating, or other
effects. Custom spot colors may be mixed on site or ordered. These custom spot
colors may be more efficient in generating the desired color andfor provide specialized
visuatl effects on the printed substrate. For example, spot colors are particularly
effective in security printing, such as money, passports, bonds and other printed
documents.

{0041]  The advantages of the illustrative digital offset LEP sysiem described
above include consistent dot gain, oplical densities, and colors. Because the printing
system is digifal, the operator can change the image being printed at any time and
without any reconfiguration. Further, the printing system produces uniform image gloss,
a broad range of ink colors, compatibility with a wide vanety of subsirate types, and

mnstantaneous image drying.
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{0042] FIG. 2 is g diagram of an illustrative ink delivery system 200. As
discussed above, a color A ink paste 242 may be contained in a color A ink can 240.
The color A ink paste 242 may be forced out of the ink can using pressurized air. The
introduction of the pressurized air into the ink can 240 15 controlled by an air valve 225.
According to one fllustrative embodiment, the air valves 225, as well as other valves in
the ink delivery system, are computer controlled and altow automatic adjustment of the
system configuration.

[0043]  The color A ink paste 242 enters the ink tank 160, where it is mixed
with imaging oil 270. The imaging oil 270 serves as a fluid carrier for the ink particles
and is supplied as needed from an imaging oil reservoir 265 by an oil pump 245.

{0044]  As discussed above, the ink tank 160 contains a number of sensors
and conditioning devices. For example, the ink tank 160 may contain a healing coil, a
cooling coil, and an embodiment of the fluid leve! sensor (FLS) 10 that is able {o monitor
the level and quantity of ink in the digital LEP system 100 as described gbove.

{0045]  During a printing run, the in-ank pump 280 provides conditioned color
A ink 255 to the BID 115 at a pressure and flow rate within acceptable ranges through a
feed line 205. The feed line passes through a feed valve 220 and connects o the BID
115. The BID 115 presents a uniform film of color A ink to the photo imaging cylinder
105, FIG. 1). A portion of the ink solids within the color A ink are transferred from BID
115 to the photo-imaging cylinder 105, FIG. 1). The majority of imaging oil 270 and a
portion of the ink solids are returned to the ink tank 160 through a return line 215 for
reconditioning.

{0046]  In some embodiments, the fluid level sensor 50 produces ink level
signals and temperature measurement signals that are used by a controller to contral
the ink levels and quantities in the ink tanks 160, produce an "out-of-fluid” signal when
the volume of ink in an ink tank 160 drops below a predetermined level, and produce an
indication of how much printing fluid remains in the ink tanks 160

{00471  Other embodiments are within the scope of the claims.
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CLAIMS

1. Apparatus, comprising:

a support structure (16} having a measurement dimension;

a level measurement capacitive sensor (18} spanning from a jower end (26) to a
higher end (28) of a fluid level measurement range (30) along the measurement
dimension of the support struciure (186);

a first capacitive calibration sensor {20) below the lower end of the fluid level
measurement range (30},

a second capacitive calibration sensor (22} above the upper end of the fluid level
measurement range {30); and

circuitry (24) operable {o determine a fluid level measurement value indicating a
degree to which the lower end of the fluid level measurement range (30) is immersed in
a first fluid and the upper end of the fluid level measurement range (30) is immersed in a
second fluid based on a capacitance of the level measurement capacitive sensor {18}, a
first calibration value characterizing the first fluid and derived from a capacitance of the
first capacitive calibration sensor (20), and a second calibration value characterizing the
second fluid and derived from a capacitance of the second capacitive calibration sensor
{22}.

2, The apparatus of claim 1, wherain each of the level measurement
capacitive sensor {(18), the first capacitive calibration sensor (20), and the second
capacitive calibration sensor {22) respectively comprises multiple spaced-apart electrical

conductors.

3. The apparatus of claim 2, wherain the circuitry {24) is coupled {o the
respective electrical conductors of the level measurement capacitive sensor {18), the
first capacitive calibration sensor (20), and the second capacitive calibration sensor (22),
and is operable to measure elecincal signals indicative of the respeciive capacitances of
the fevel measurement capacitive sensor (18), the first capacitive calibration sensor

{20}, and the second capacitive calibration sensor {22).
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4, The apparatus of claim 1, wherein, in determining the fluid level
measurement vaiue, the circuitry {(24) accounts for changes in dieleclric characteristics
at the lower end of the fluid level measurement range (30) based on the capacitance of

the first capacitive calibration sensor {20).

5 The apparatus of claim 1, wherein, in determining the fluid level
measurement value, the circuitry {24) accounts for changes in dielectric characteristics
at the upper end of the fluid level measurement range {30) based on the capacitance of
the second capacitive calibration sensor (22).

o. The apparatus of claim 1, wherein the circuitry {24} is operable to

determine the fluid level measurement value in accordance with:

ny S . S~
[ R C mig 9(( Calige ¢ w22 (. Cetd ;z;z} + B
R o P Y 2 . a i Y ’ .
f (( alig s €. A L i 23 )_.. & (( el ( m22r ¢ a2 }

wherein L is the fluid level measurement value, Cpie, Cmzo, @and Cyize are the
capacitances of the level measurement capacitive sensor (18}, the first calibration
sensor (20}, and the second calibration sensor (22) when the lower end of the fluid level

measurement range (30) is immersed in the first fluid and the upper end of the fluid level
measurement range (30) is immersed in the second fluid, Cey, Copng. @iid Cpyyy are
calibration capacitances of the level measurement capacitive sensor {18}, the first

calibration sensor {20), and the second calibration sensor (22) when the sensors (18-22)
collectively are immersed in a calibration fluid, f(*) is a function that maps
CorugiasCrcar 1d Copy 10 @n estimate of the capacitance Cans of the level measurement

Cufid
capacitive sensor (18) if it were fully immersed in the first fluid (12) , g(*) is a function
that maps C,_...C,., and C, .. 10 @n estimate of the capacitance Cyug of the level

measurement capacitive sensor (18) if it were fully immersed in the second fluid {14),

and A and B are respective constant values.
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7. The apparatus of claim 1, wherein the circuitry (24) is operable {0
determine from a changs in the fluid level measurement value a rate of flow of the fluid

into and out of a container containing the first and second fluids.

8. The apparatus of claim 1, further comprising & temperature sensor (35)
operable to measure a temperature of the first fluid,

wherein, in determining the fluid level measurement value, the circuitry (24} is
operable to compensate for changes in fluid volume caused by changes in temperature
based on the temperature measured by the temperature sensor {35},

Q. The method of claim 8, wherein the circuitry {24} is operable to determine
a quantity of the first fluid in a container based on the temperature measured by the

temperature sensor {35).

10. A method, comprising:

measuring a capacitance of a level measurement capacitive sensor (18)
spanning from a lower end to a higher end of a fluid level measurement range (30)
along a measuremesnt dimension of a support structure (16},

measuring a capacitance of a first capacitive calibration sensor (20} on the
support structure (18) below the lower end of the fluid level measurement range (30},

measuring a capacitance of a second capacitive calibration sensor (22} on the
support structure {(16) above the upper end of the fluid lavel measurement range {30);
and

determining a fluid level measurement value indicating a degree o which the
lower end of the fluid level measurement range (30) 1s immersed in a first fluid and the
upper end of the fluid tevel measurement range (30) is immersed in a second fluid
based on a capacitance of the level measurement capacitive sensor (18), afirst
calibration value characterizing the first fluid and derived from a capacitance of the first
capacitive calibration sensor (20), and a second calibration value characterizing the
second fluid and derived from a capacitance of the second capacitive calibration sensar
(22).
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11, The method of claim 10, wherein the determining comprises accounting for
changes in diglectric characteristics at the lower end of the fluid level measurement

range (30) based on the capacitance of the first capacitive calibration sensor (20},

12.  The method of claim 10, wherein the determining comprises accounting for
changes in dislectric characteristics at the upper end of the fluid level measurement
range (30) based on the capacitance of the second capacitive calibration sensor (22).

13. The method of claim 10, further comprising determining from a change in
the fluid level measurement value a rate of flow of the fluid into and out of a container
containing the first and second fluids.

14.  The method of claim 10, wherein the determining comprises compensating

for changes in fluid volume caused by changes in temperature of the first fluid.

16, Atleast one non-transitory computer-readable medium having processor-
readable program code embodied therein, the processor-readable program code
adapted {o be exscuted by a processor to implement a method comprising:

measuring a capacitance of a level measurement capacitive sensor (18)
spanning from a lower end to a higher end of a fluid level measurement range {30)
along a measurement dimension of a support structure (16);

measuring a capacitance of a first capacitive calibration sensor (20} on the
support structure (16) below the lower end of the fluid level measurement range (30);

measuring a capacitance of a second capacitive calibration sensor (22) on the
support structure (16) above the upper end of the fluid level measurement range {30);
and

determining a fluid level measurement value indicating a degree to which the
lower end of the fluid level measurement range (30) is immersed in a first fluid and the
upper end of the fluid level measurement range (30) is immersed in a second fluid
based on a capacitance of the level measurement capacitive sensor (18), a first
calibration value characterizing the first fluid and derived from a capacitance of the first

capacitive calibration sensor (20), and a second calibration value characterizing the
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second fluid and derived from a capacitance of the second capacitive calibration sensor
{22).
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