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METHODS AND CIRCUITS FOR MEASURING A HIGH IMPEDANCE
ELEMENT BASED ON TIME CONSTANT MEASUREMENTS

BACKGROUND

The present invention relates to electrical circuit element measurement
technology, and, more particularly, to methods and circuits for measuring high
impedance elements.

Many electrical circuits require a high level of isolation for electrical
components to ensure that these components aren't adversely affected by short
circuits, electrical fields, magnetic fields, and the like. FIG. 1 illustrates an example
where electrical isolation of measurement circuit components is important to obtain
valid data. In particular, FIG. 1 is a diagram that illustrates circuitry for evaluating
the concentration of particulate in a gas stream. A stack 105 has a gas that flows
therethrough and contains particulate matter 110, A probe 115 is configured to extend
into the gas stream and is charged through a triboelectric effect by the particulate
matter 110 colliding with the probe 115. The triboelectric effect results in an signal
being generated, which can be processed by signal processing circuitry 120 and
provided as an input to a particulate matter analysis module 125 to evaluate the
concentration of the particulate 110 matter in the gas stream.

The particulate matter 110 in the gas stream along with dust and other foreign
debris can build up on surfaces of the stack 105 and/or the probe 115 and have the
potential to affect the electrical characteristics of the probe 115. For example, build-
up of debris adjacent to the probe 115 may create electrical paths to ground or other
electrical circuits resulting in a signal output from probe 115 that is not representative

of the concentration of the particulate matter 110 in the gas stream.

SUMMARY
According to some embodiments of the present invention, a method of
measuring impedance comprises determining a first time constant based on a known
impedance and a capacitor, determining a second time constant based on a target
impedance and the capacitor, and determining the target impedance based on the first

time constant and the second time constant.



CA 02894759 2015-06-10

WO 2014/093426 PCT/US2013/074266

10

15

20

25

30

In other embodiments, determining the first time constant comprises driving a
test circuit comprising the known impedance and the capacitor connected in series
with a first test voltage.

In still other embodiments, the first test voltage is in a range from about 0V to
about 3.3V.

In still other embodiments, the known impedance has a value is in a range
from about 1 megaohm to about 10 megaohms.

In still other embodiments, wherein the capacitor has a value in a range from
about 1 nanofarad to about 10 nanofarads.

In still other embodiments, determining the first time constant further
comprises charging the capacitor with the first test voltage and determining a time
taken to charge the capacitor to a threshold voltage level.

In still other embodiments, wherein determining the first time constant further
comprises charging the capacitor to a known voltage level, discharging the capacitor
through the known impedance, and determining a time taken for the capacitor voltage
level to decrease to a threshold voltage level.

In still other embodiments, determining the second time constant comprises,
replacing the known impedance in the test circuit with the target impedance and
driving the test circuit comprising the target impedance and the capacitor connected in
series with a second test voltage.

In still other embodiments, the first and second test voltages are the same.

In still other embodiments, the first and second test voltages are different.

In still other embodiments, the second test voltage is in a range from about 0V
to about 24V,

In still other embodiments, the target impedance has a value is in a range from
about 10 megachms to about 50 megaohms.

In still other embodiments, determining the second time constant further
comprises charging the capacitor with the second test voltage and determining a time
taken to charge the capacitor to a threshold voltage level.

In still other embodiments, determining the second time constant further
comprises charging the capacitor to a known voltage level, discharging the capacitor
through the target impedance, and determining a time taken for the capacitor voltage

level to decrease to a threshold voltage level.
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In still other embodiments, the target impedance comprises an electrical path
between a triboelectric probe and a common node.

In still other embodiments, the triboelectric probe is disposed in a gas stream
containing particulate matter,

In further embodiments of the present invention, an impedance measurement
circuit comprises a test circuit comprising a capacitor connected to a test voltage and a
controller that is configured to switch a known impedance in seties with the
capacitance and the test voltage to determine a first time constant based on the known
impedance and the capacitor, to a target impedance in series with the capacitance in
place of the known impedance to determine a second time constant based on the target
impedance and the capacitor, and to determine the target impedance based on the first
time constant and the second time constant.

In still further embodiments, the controller is further configured to determine
the first time constant by charging the capacitor with the test voltage. The impedance
measurement circuit further comprises a voltage comparator that is configured to
determine when the capacitor is charged to a threshold voltage level and a timer that
is configured to determine a time taken to charge the capacitor to the threshold
voltage level.

In still further embodiments, the controller is further configured to determine
the second time constant by charging the capacitor with the test voltage. The
impedance measurement circuit further comprises a voltage comparator that is
configured to determine when the capacitor is charged to a threshold voltage level and
a timer that is configured to determine a time taken to charge the capacitor to the
threshold voltage level.

In still other embodiments of the present invention, a computer program
product for measuring an impedance comprises a non-transitory computer readable
medium comprising computer readable program code thereon. The computer
readable program code comprises computer readable program code configured to
determine a first time constant based on a known impedance and a capacitor,
computer readable program code configured to determine a second time constant
based on a target impedance and the capacitor, and computer readable program code
configured to determine the target impedance based on the first time constant and the

second time constant.
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BRIEF DESCRIPTION OF THE DRAWINGS

Other features of the present invention will be more readily understood from
the following detailed description of specific embodiments thereof when read in
conjunction with the accompanying drawings, in which:

FIG. 1 is a diagram that illustrates circuitry for evaluating the concentration of
particulate in a gas stream;

FIG. 2 illustrates an application for measuring a target impedance using an
impedance measurement circuit according to some embodiments of the present
invention;

FIG. 3 is a block diagram of the impedance measurement circuit FIG, 2
according to some embodiments of the present invention;

FIG. 4 is a schematic of the RC test circuit of FIG. 3 according to some
embodiments of the present invention;

FIG. 5 is a graph showing capacitor charge and discharge curves according to
some embodiments of the present invention; and

FIG. 6 is a flow chart that illustrates operations for measuring a target

impedance according to some embodiments of the present invention.

DETAILED DESCRIPTION OF EMBODIMENTS

While the invention is susceptible to various modifications and alternative
forms, specific embodiments thereof are shown by way of example in the drawings
and will herein be described in detail. It should be understood, however, that there is
no intent to limit the invention to the particular forms disclosed, but on the contrary,
the invention is to cover all modifications, equivalents, and alternatives falling within
the spirit and scope of the invention as defined by the claims. Like reference numbers
signify like elements throughout the description of the figures.

As used herein, the singular forms "a," "an," and "the" are intended to include
the plural forms as well, unless expressly stated otherwise. It should be further
understood that the terms "comprises” and/or "comprising” when used in this
specification is taken to specify the presence of stated features, integers, steps,
operations, elements, and/or components, but does not preclude the presence or
addition of one or more other features, integers, steps, operations, elements,
components, and/or groups thereof. It will be understood that when an element is

referred to as being "connected” or "coupled" to another element, it can be directly
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connected or coupled to the other element or intervening elements may be present.
Furthermore, "connected” or "coupled" as used herein may include wirelessly
connected or coupled. As used herein, the term "and/or" includes any and all
combinations of one or more of the associated listed items,

Unless otherwise defined, all terms (including technical and scientific terms)
used herein have the same meaning as commonly understood by one of ordinary skill
in the art to which this invention belongs. It will be further understood that terms,
such as those defined in commonly used dictionaries, should be interpreted as having
a meaning that is consistent with their meaning in the context of the relevant art and
this specification and will not be interpreted in an idealized or overly formal sense
unless expressly so defined herein.

For purposes of illustration, embodiments of the present invention are
described herein in the context of measuring the impedance of a triboelectric probe
relative to a reference node voltage (e.g., ground) to ensure that the probe is
sufficiently electrically isolated to generate a signal indicative of particulate matter
concentration in a gas stream. It will be understood, however, that the present
invention is not limited to such embodiments and may be embodied generally as an
impedance measurement circuit for high impedance applications.

Conventional impedance measurement circuits for high impedance elements
may use high voltages to generate sufficient current through the high impedance
element that can be measured to calculate the impedance value. Such voltages can be
dangerous or may be disallowed due to safety regulations for some applications.
According to some embodiments of the present invention, a target impedance can be
measured based on time constant determinations of a capacitive circuit with both a
known impedance and the target impedance. Because the time constant
measurements arc independent of the voltage used to drive the capacitive circuit, high
voltages can be avoided providing a safer methodology for measuring the target
impedance.

FIG. 2 iliustrates an application for measuring a target impedance using an
impedance measurement circuit according to some embodiments of the present
invention. In particular, FIG. 2 is similar to FIG. 1 and illustrates circuitry for
evaluating the concentration of particulate in a gas stream. A stack 205 has a gas that
flows therethrough and contains particulate matter 210. A probe 215 is configured to

extend into the gas stream and is charged through a triboelectric effect by the

5
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particulate matter 210 colliding with the probe 215. The triboelectric effect results in
a signal being generated, which can be processed to evaluate the concentration of the
particulate 210 matter in the gas stream as described above. Further, as described
above, build-up of debris adjacent to the probe 215 may create electrical paths to
ground or other electrical circuits resulting in a signal output from probe 215 that is
not representative of the concentration of the particulate matter 210 in the gas stream.
The impedance measurement circuit 220, according to some embodiments of the
present invention, may be connected to the probe 215 to measure a target impedance
between the probe 215 and ground or another reference node based on time constant
determinations.

FIG. 3 is a block diagram of the impedance measurement circuit 220 of FIG. 2
according to some embodiments of the present invention. The impedance
measurement circuit 220 comprises an RC test circuit 305, a voltage comparator 310,
a timer 315, and a controller 320, which are connected as shown. A target impedance
to be measured, which is identified as 7.4, can be switched into the RC test circuit
305 for determining a time constant based on the target impedance. The voltage
comparator 310 and the timer 315 are configured to determine a time for a voltage to
reach a specific threshold level in the RC test circuit 305 to obtain a time constant
value. The controller 320 is configured to coordinate the operations of the other
components of the impedance measurement circuit 220 including switches and to
process the data from the timer and 315 and known circuit element values from the
RC test circuit 305 to determine the value of the target impedance Zigag.

F1G. 4 is a schematic of the RC test circuit 305 of FIG. 3 according to some
embodiments of the present invention. The RC test circuit schematic 400 includes a
capacitor C1 that can be coupled to one of two impedance elements Z1 or Z2 via
switches 405 and 415. For example, impedance element Z1 may be a known
impedance value while impedance value Z2 may be a target impedance whose value
is unknown. Thus, the switch 405 may be closed and the switch 415 may be used to
select the known impedance element Z1 to charge the capacitor C1 with the voltage
Vtest. This operation may be performed to confirm the time constant based on the
known circuit elements of Cl and Z1. As shown in FIG. 5, the capacitor C1 charges
at a rate such that the voltage across capacitor C1 is 63% of the charging voltage Vtest
at a time T corresponding to one time constant. Thus, the controller 320 may activate

the timer circuit 315 when switches 405 and 415 are activated and the voltage

6
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comparator 310 of FIG. 1 may determine when the voltage across the capacitor C1
reaches 63% of the drive voltage Vtest, The timer circuit 315 may then be
deactivated and the time recorded, which is equal to one time constant T. This value
may be used to confirm the accuracy of the values of the known compbnents Cland
Z1, 1.e., the time constant T may be compared to the product of C1 and Z1. The
controller 320 may then discharge the capacitor C1 by opening the switch 405 and
closing the switch 410. Similar operations may then be performed for the target
impedance Z2 whose impedance value is unknown by closing the switch 405 and
selecting impedance element Z2 with switch 415.

It will be understood that the time constant determinations for the RC circuits
comprising C1-Z1 and C2-Z2 may also be performed by charging the capacitor C1 to
the Vtest drive voltage value and then opening switch 405 and closing switch 410 at
which time the timer circuit 315 is activated. The voltage comparator 315 may then
determine when the voltage across the capacitor reaches 37% of the drive voltage
Viest as shown in FIG. 5. The timer circuit 315 is then deactivated and the time
recorded, which is equal to one time constant.

In accordance with various embodiments of the present invention, the voltage
threshold used for deactivating the timer circuit 315 may selected for convenience and
ease of detection with the time constant being determined according to the time along
the exponential curves of FIG. 5 that the voltage threshold is reached. As the time
constant is independent of the value of driving voltage Vtest, a voltage may be
selected for Vtest that provides a desired level of safety and is suitable for the voltage
comparator 310. In addition, Vtest may be set to different values when determining
the time constants for the known impedance Z1 and the target impedance Z2 or Vtest
may be set to the same voltage level for both time constant determinations,

In accordance with some embodiments of the present invention, the capacitor
C1 may have a value in a range from about 1 nanofarads to about 10 nanofarads. The
known impedance Z1 may have a resistance value in a range from about | megachm
to about 10 megaohms. The voltage Vtest used to determine the time constant for C1
and Z1 may have a voltage value in a range from about OV to about 3.3V. The
voltage Vtest used to determine the time constant for Cl and the target impedance 72
may have a voltage value in a range from about 0V to about 24V,

The present invention is described herein with reference to flowchart,

information flow, and/or block diagram illustrations of methods, systems, and

7
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computer program products in accordance with exemplary embodiments of the
invention. These flowchart, information flow, and/or block diagrams further illustrate
exemplary operations for measuring impedance, in accordance with some
embodiments of the present invention. It will be understood that each block of the
flowchart, information flow, and/or block diagram illustrations, and combinations of
blocks in the flowchart, information flow, and/or block diagram illustrations, may be
implemented by computer program instructions and/or hardware operations. These
computer program instructions may be provided to a processor of a general purpose
computer, a special purpose computer, or other programmable data processing
apparatus to produce a machine, such that the instructions, which execute via the
processor of the computer or other programmable data processing apparatus, create
means and/or circuits for implementing the functions specified in the flowchart and/or
block diagram block or blocks.

These computer program instructions may also be stored in a computer usable
or computer-readable memory that may direct a computer or other programmable data
processing apparatus to function in a particular manner, such that the instructions
stored in the computer usable or computer-readable memory produce an article of
manufacture including instructions that implement the function specified in the
flowchart, information flow, and/or block diagram block or blocks.

The computer program instructions may also be loaded onto a computer or
other programmable daia processing apparatus to cause a series of operational steps to
be performed on the computer or other programmable apparatus to produce a
computer implemented process such that the instructions that execute on the computer
or other programmable apparatus provide steps for implementing the functions
specified in the flowchart, information flow, and/or block diagram block or blocks.

FIG. 6 is a flow chart that illustrates operations for measuring a target
impedance according to some embodiments of the present invention. Operations
begin at block 605 where a first time constant is determined based on a known
impedance and capacitance, such as capacitor C1 and impedance Z1 described above
with respect to FIG. 5. A second time constant based on a target impedance, whose
value is unknown, and the known capacitor, such as capacitor C1 and impedance 72
described above with respect to FIG. 5, is determined at block 610. The target

impedance may be determined at block 615 based on the first time constant and the
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second time constant. In particular, the target impedance value Z2 may be determined

according to the following formula:

Z2=(T2 * Z1)/T1, where T2 is the second time constant and T1 is the first

time constant,

Thus, embodiments of the present invention may allow a technician to determine an
unknown impedance value, which may be very high, without the need to use a high
voltage, which may be dangerous or even disallowed due to safety regulations. Due
to the low voltage requirements, the impedance test circuit, according to some
embodiments of the present invention, may be applied to simple hand-held devices
that could allow technicians to conduct field testing of components. With isolation
relays, the test circuitry, according to some embodiments of the present invention,
may be added to various types of instruments where a resistance check between a
probe and ground or other reference point could provide additional quality assurance
checks to the data reliability. Applications include, but are not limited to, testing
triboelectric probes used for particulate monitoring of a gas stream to ensure they are
properly electrically isclated; testing probes/sensors that detect the levels of materials
in hoppers or silos to ensure that dust and debris have not created electrical paths,
shorts, and the like that corrupt the electrical signals generated from the
probes/sensors; and generally any application where an impedance verification of an
electrical components is desired for quality assurance purposes. The impedance test
circuit, according to some embodiments of the present invention, may also be
incorporated into electronic devices, computers, embedded systems, and the like for
monitoring dust build-up and debris accumulation, particularly in environmentally
unfriendly conditions.

Many variations and modifications can be made to the embodiments without
substantially departing from the principles of the present invention. All such
variations and modifications are intended to be included herein within the scope of the

present invention, as set forth in the following claims.
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CLAIMS

That which is claimed is:

1. A method of measuring impedance, comprising:
determining a first time constant based on a known impedance and a capacitor;
determining a second time constant based on a target impedance and the
capacitor; and
determining the target impedance based on the first time constant and the
second time constant;
wherein determining the first time constant comprises driving a test circuit
with a first test voltage, the test circuit comprising the known impedance and the
capacitor connected in series;
wherein determining the second time constant comprises:
replacing the known impedance in the test circuit with the target
impedance; and
driving the test circuit with a second test voltage, the test circuit
comprising the target impedance and the capacitor connected in series;
wherein the target impedance comprises an electrical path between a
triboelectric probe and a common node; and
wherein the triboelectric probe is disposed in a gas stream containing

particulate matter.

2. The method of Claim 1, wherein the first test voltage is in a range from

about OV to about 3.3V.

3. The method of Claim 1 or Claim 2, wherein the known impedance has

a value is in a range from about 1 megaohm to about 10 megaohms.

4. The method of any one of Claims 1 to 3, wherein the capacitor has a

value in a range from about 1 nanofarad to about 10 nanofarads.
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5. The method of any one of Claims 1 to 4, wherein determining the first
time constant further comprises:
charging the capacitor with the first test voltage; and

determining a time taken to charge the capacitor to a threshold voltage level.

6. The method of any one of Claims 1 to 4, wherein determining the first
time constant further comprises:

charging the capacitor to a known voltage level;

discharging the capacitor through the known impedance; and

determining a time taken for the capacitor voltage level to decrease to a

threshold voltage level.

7. The method of any one of Claims 1 to 6, wherein the first and second

test voltages are the same.

8. The method of any one of Claims 1 to 6, wherein the first and second

test voltages are different.

9. The method of any one of Claims 1 to 8, wherein the second test

voltage is in a range from about 0V to about 24V.

10. The method of any one of Claims 1 to 9, wherein the target impedance

has a value #s in a range from about 10 megaohms to about 50 megaohms.

11.  The method of any one of Claims 1 to 10, wherein determining the
second time constant further comprises:
charging the capacitor with the second test voltage; and

determining a time taken to charge the capacitor to a threshold voltage level.

12.  The method of any one of Claims 1 to 10, wherein determining the
second time constant further comprises:
charging the capacitor to a known voltage level;

discharging the capacitor through the target impedance; and

11
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determining a time taken for the capacitor voltage level to decrease to a

threshold voltage level.

13.  An impedance measurement circuit, comprising:

a test circuit comprising a capacitor connected to a test voltage; and

a controller that is configured to switch a known impedance in series with the
capacitor and the test voltage to determine a first time constant based on the known
impedance and the capacitor, to a target impedance in series with the capacitor in
place of the known impedance to determine a second time constant based on the target
impedance and the capacitor, and to determine the target impedance based on the first
time constant and the second time constant;

wherein the controller is further configured to drive a test circuit with a first
test voltage, the test circuit comprising the known impedance and the capacitor
connected in series to determine the first time constant;

wherein the controller is further configured to replace the known impedance in
the test circuit with the target impedance and to drive the test circuit with a second test
voltage, the test circuit comprising the target impedance and the capacitor connected
in series to determine the second time constant;

wherein the target impedance comprises an clectrical path between a
triboelectric probe and a common node; and

wherein the triboelectric probe is disposed in a gas stream containing

particulate matter.

14.  The impedance measurement circuit of Claim 13, wherein the
controller is further configured to determine the first time constant by charging the
capacitor with the test voltage, the impedance measurement circuit further
comprising:

a voltage comparator that is configured to determine when the capacitor is
charged to a threshold voltage level; and

a timer that is configured to determine a time taken to charge the capacitor to

the threshold voltage level.

12
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15.  The impedance measurement circuit of Claim 13 or Claim 14, wherein
the controller is further configured to determine the second time constant by charging
the capacitor with the test voltage, the impedance measurement circuit further
comprising:

a voltage comparator that is configured to determine when the capacitor is
charged to a threshold voltage level; and

a timer that is configured to determine a time taken to charge the capacitor to

the threshold voltage level.

16. A computer program product for measuring an impedance, comprising:

a non-transitory computer readable medium comprising computer readable
program code embodied in the medium that when executed by a processor causes the
processor to perform operations comprising:

determining a first time constant based on a known impedance and a capacitor;

determining a second time constant based on a target impedance and the
capacitor; and

determining the target impedance based on the first time constant and the
second time constant;

wherein determining the first time constant comprises driving a test circuit
with a first test voltage, the test circuit comprising the known impedance and the
capacitor connected in series;

wherein determining the second time constant comprises:

replacing the known impedance in the test circuit with the target
impedance; and
driving the test circuit with a second test voltage, the test circuit

comprising the target impedance and the capacitor connected in series;

wherein the target impedance comprises an electrical path between a
triboelectric probe and a common node; and

wherein the triboelectric probe is disposed in a gas stream containing

particulatc matter.
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