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IN-SITU TESTING OF ELECTRIC DOUBLE LAYER
CAPACITORS IN ELECTRIC METERS

BACKGROUND
[0001] Unless otherwise indicated herein, the materials described in this section are not
prior art to the claims in this application and are not admitted to be prior art by inclusion in

this section.

[0002] An electric meter measures electrical power consumed by a customer of an electric
utility provider. The electric meter is plugged into a meter socket that is mounted in an
enclosure on a building or other structure, and draws its operating power from the electrical
power distribution grid.  Electric meters record electric energy consumption and
communicate the information as well as status information of the meter itself to the utility
provider for monitoring and billing. When power outages occur, an electric meter no longer

has the ability to communicate with the utility provider.

[0003] In order to enable the electric meter to provide a “last gasp” communication to the
utility provider when a power outage occurs, electric meters may be equipped with a back-up
power supply. The back-up power supply may provide power to the electric meter only for a
brief period of time sufficient for the meter to transmit the last gasp communication. The
back-up power supply may be a capacitor, for example, an electric double layer capacitor

(EDLC), also referred to as an ultracapacitor or supercapacitor.

SUMMARY
[0004] Systems and methods for measuring capacitance values and estimating equivalent
series resistance values for capacitors installed in electric meter socket connections are

provided.

[0005] According to various aspects there is provided a method for determining
degradation of a capacitor in an electric meter. In some aspects, the method may include:
charging the capacitor to a predetermined voltage value during a charging period using
charging circuitry of the electric meter; discharging the capacitor, during a discharge period,
from the predetermined voltage value using discharging circuitry of the electric meter;
measuring, during the discharge period, a first voltage value of the capacitor at a first time
and a second voltage value of the capacitor at a second time later than the first time using

measurement circuitry of the electric meter; determining, by a processor of the electric meter,
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a capacitance value of the capacitor based on the first voltage value, the second voltage value,
the first time, and the second time; comparing the determined capacitance value to a
capacitance threshold value; and determining that the capacitor is in a degraded condition

when the calculated capacitance value is below the capacitance threshold value.

[0006] The method may further include generating a notification to a head-end system that
the capacitor is in a degraded condition. The capacitance threshold may be determined based
on historical empirical capacitance data. The charging circuitry may be a constant voltage
charging circuit or a constant current charging circuit. The discharging circuitry may be a

constant load discharging circuit or a constant current discharging circuit.

[0007] The method may further include estimating an equivalent series resistance (ESR of
the capacitor by: performing capacitor voltage measurements at a start of the discharge
period, wherein the capacitor voltage measurements are performed over a series of time
intervals shorter than a time interval between the first time and the second time; determining
a change in slope of capacitor voltage based on the capacitor voltage measurements
performed over the series of time intervals; and estimating the ESR of the capacitor based on
the capacitor voltage measurements obtained between the start of the discharge period and a

point of the change in slope of the capacitor voltage.

[0008] The charging, discharging, and measuring of the capacitor voltage may be
performed on a predetermined schedule or in response to a command received by the electric

meter. The capacitor may be an electric double layer capacitor (EDLC).

[0009] According to various aspects there is provided an electric meter. In some aspects,
the electric meter may include: a capacitor; capacitor charging circuitry, capacitor
discharging circuitry, measurement circuitry; and a processor. The processor may be
configured to: cause the capacitor charging circuitry to charge the capacitor to a
predetermined voltage value during a charging period; cause the capacitor discharging
circuitry to discharge the capacitor from the predetermined voltage value during a discharge
period; cause the measurement circuitry to measure, during the discharge period, a first
voltage value of the capacitor at a first time and a second voltage value of the capacitor at a
second time later than the first time; calculate a capacitance of the capacitor based on the first
voltage value, the second voltage value, the first time, and the second time; and compare the

calculated capacitance to a capacitance threshold value.
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[0010] The processor may be further configured to generate a notification to a head-end
system that the capacitor is in a degraded condition. The capacitance threshold value may be

determined based on historical empirical capacitance data.

[0011] The charging circuit may be a constant voltage charging circuit or a constant current
charging circuit. The discharging circuitry may be a constant load discharging circuit or a

constant current discharging circuit.

[0012] The processor may be is further configured to estimate an equivalent series
resistance (ESR) of the capacitor by: causing the measurement circuitry to perform capacitor
voltage measurements at a start of the discharge period, wherein the capacitor voltage
measurements are performed over a series of time intervals shorter than a time interval
between the first time and the second time; determine a change in slope of capacitor voltage
based on the capacitor voltage measurements performed over the series of time intervals; and
estimate the ESR of the capacitor based on the capacitor voltage measurements obtained

between the start of the discharge period and a point of the change in slope of the capacitor.

[0013] The processor may be further configured to perform the charging, discharging, and
measuring of the capacitor voltage on a predetermined schedule or in response to a command
received by the electric meter. The capacitor may be an electric double layer capacitor

(EDLC).

[0014] According to various aspects there is provided a system. In some aspects, system
may include: a head-end system including a first processor; and an electric meter coupled to
the head-end system via a network. The electric meter may include: a capacitor; capacitor
charging circuitry; capacitor discharging circuitry, measurement circuitry, and a second
processor. The second processor may be configured to, upon receiving a command
transmitted by the head-end system: cause the capacitor charging circuitry to charge the
capacitor to a predetermined voltage value during a charging period; cause the capacitor
discharging circuitry to discharge the capacitor from the predetermined voltage value during
a discharge period; cause the measurement circuitry to measure, during the discharge period,
a first voltage value of the capacitor at a first time and a second voltage value of the capacitor
at a second time later than the first time; determine a capacitance value of the capacitor based
on the first voltage value, the second voltage value, the first time, and the second time; and in
response to the command received from the head-end system, transmit the determined

capacitance value to the head-end system.
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[0015] The first processor of the head-end system may be configured to: receive the
transmitted capacitance value from the electric meter; compare the determined capacitance
value to a capacitance threshold value; and determine that the capacitor is in a degraded

condition when the determined capacitance value is below the capacitance threshold value.

[0016] The second processor of the head-end system may be further configured to generate
a notification that the capacitor is in a degraded condition. The capacitance threshold value
may be determined based on historical empirical capacitance data. The capacitor may be an

electric double layer capacitor (EDLC).

[0017] Numerous benefits are achieved by way of the various embodiments over
conventional techniques. For example, the various embodiments provide apparatuses and
methods that can be used to proactively perform maintenance on an electric meter having a
degraded capacitor. In some embodiments, notifications regarding the health (e.g,
capacitance value) of the capacitor based on the capacitor voltage measurements may be
periodically transmitted to a head-end system by the electric meter. These and other
embodiments along with many of its advantages and features are described in more detail in

conjunction with the text below and attached figures.

BRIEF DESCRIPTION OF THE DRAWINGS
[0018] Aspects and features of the various embodiments will be more apparent by

describing examples with reference to the accompanying drawings, in which:

[0019] FIG. 1 is diagram illustrating a utility management system according to some

aspects of the present disclosure;

[0020] FIG. 2 is a block diagram illustrating an example of an electric meter according to

some aspects of the present disclosure;

[0021] FIG. 3 is a block diagram illustrating a configuration an example of a configuration
of charging, discharging, and measurement circuits for a capacitor in an electric meter

according to some aspects of the present disclosure;

[0022] FIG. 4A is a plot illustrating an example of capacitor voltage and capacitor current
versus time during a charging period of a capacitor in an electric meter according to some

aspects of the present disclosure;
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[0023] FIG. 4B is a plot 450 illustrating an example of an initial step in capacitor voltage at
the start of the discharge period of a capacitor in an electric meter according to some aspects

of the present disclosure;

[0024] FIG. 4C is a plot illustrating an example of an initial step in capacitor voltage at the
start of the discharge period of a capacitor in an electric meter according to some aspects of

the present disclosure;

[0025] FIG. 5 is a flowchart illustrating an example of a method for determining
capacitance of a capacitor in an electric meter according to some aspects of the present

disclosure; and

[0026] FIG. 6 is a flowchart illustrating an example of a method for estimating equivalent
series resistance (ESR) of a capacitor in an electric meter according to some aspects of the

present disclosure.

DETAILED DESCRIPTION
[0027] While certain embodiments are described, these embodiments are presented by way
of example only, and are not intended to limit the scope of protection. The apparatuses,
methods, and systems described herein may be embodied in a variety of other forms.
Furthermore, various omissions, substitutions, and changes in the form of the example
methods and systems described herein may be made without departing from the scope of

protection.

[0028] An electric meter measures electrical power consumed by a customer of an electric
utility provider. The electric meter is plugged in to a meter socket that is mounted in an
enclosure on a building or other structure and provides a connection between the electric
power delivered by the electrical utility and the customer. The electric meter measures and
controls the electricity delivered to the customer premises via the grid. The electric meter
may be combined with a communications module to enable the meter to communicate with
other meters and with the utility. The electric meter may be part of a utility management

system.

[0029] Electric meters may be equipped with a back-up power supply to provide power to
the electric meter only for a brief period of time sufficient for the meter to transmit a “last
gasp” communication during a power outage. The back-up power supply may be a capacitor,

for example, an electric double layer capacitor (EDLC), also referred to as an ultracapacitor
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or supercapacitor. In order to ensure that the capacitor of electric meter is capable of
providing sufficient power for a last gasp communication, such as an indication of a power

outage, the condition of the capacitor should be monitored.

[0030] FIG. 1 is a diagram illustrating a utility management system 100 according to
various aspects of the present disclosure. Referring to FIG. 1, the utility management system
100 may include an electric meter 105, a head-end system 110, and a storage device 120.
While FIG. 1 illustrates one electric meter 105 for ease of explanation, one of ordinary skill
in the art will appreciate that a plurality of electric meters 105 may be included in the
disclosed utility management system 100 without departing from the scope of the present

disclosure.

[0031] The electric meter 105 may monitor and/or record the energy usage at the customer
premises 130 and communicate the information about energy usage to the head-end system
110. For example, the electric meter 105 may continually monitor and record total energy
usage at the customer premises 130. In accordance with various aspects of the present
disclosure, the electric meter 105 may monitor and/or record days of the week and times of
the day related to energy usage at the customer premises 130 and communicate the
information to the head-end system 110. In addition, the electric meter 105 may perform as a
sensor to detect and/or record abnormal measurements and/or events, for example, but not
limited to, power outages. One of ordinary skill in the art will appreciate that other
information, for example, but not limited to, average power consumed, peak power, etc., may

be monitored and communicated by the electric meter 105.

[0032] The electric meter 105 may communicate with the head-end system 110 via wired
or wireless communication interfaces known to those of skill in the art using communication
protocols appropriate to the specific communication interface. Different wired or wireless
communication interfaces and associated communication protocols may be implemented on
the electric meter 105 for communication with the head-end system 110. For example, in
some embodiments a wired communication interface may be implemented, while in other
embodiments a wireless communication interface may be implemented for communication
between the electric meter 105 and the head-end system 110. In some embodiments, a
wireless mesh network may connect a plurality of electric meters 105. The plurality of
electric meters 105 may transmit data to a collector (not shown) that communicates with

another network to transmit the data to the head-end system 110. The electric meters 105
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may use radio frequency (RF), cellular, or power line communication to communicate. One
of ordinary skill in the art will appreciate that other communication methods may be used

without departing from the scope of the present disclosure.

[0033] The head-end system 110 may include a storage device 120. The storage device
120 may be, for example, but not limted to, one or more hard-disk drives, solid-state memory
devices, or other computer-readable storage media. One of ordinary skill in the art will
appreciate that other storage configurations may be used without departing from the scope of
the present disclosure. A database 125 may be stored on the storage device 120. The
database 125 may store information collected from the electric meters 105. For example, the
database 125 may include days of the week and times of the day correlating with load is
operating information, for example, but not limited to, average power consumed by the load,
peak power consumed by the load, etc. One of ordiary skill in the art will appreciate that this
information is exemplary and that other information may be included in the database 125

without departing from the scope of the present disclosure.

[0034] The head-end system 110 and the electric meter 105 may be connected to an
electrical power distribution grid 140. The electrical power distribution grid 140 may include
generating stations (not shown) that produce electric power (not shown), electrical
substations (not shown) for stepping electrical voltage up for transmission or stepping
electrical voltage down for distribution, high voltage transmission lines (not shown), and

distribution lines (not shown).

[0035] FIG. 2 is a block diagram illustrating an electric meter 200 according to some
aspects of the present disclosure. The electric meter 200 may be, for example, the electric
meter 105 of FIG. 1. The electric meter 200 may include a processor 210, a memory 220, a
communications module 230, various sensors 240, capacitor measurement circuitry 250, a

power supply 260, and a capacitor 270.

[0036] The processor 210 may be a general purpose processor, a digital signal processor
(DSP), an application specific integrated circuit (ASIC), a field programmable gate array
(FPGA) or other programmable logic device. The processor 210 may be in electrical
communication with the memory 220, the communications module 230, and the sensors 240.
The processor 210 may control overall operation of the electric meter 200. The processor
210 may receive data generated by various sensors 240 of the electric meter 200 including,

but not limited to, energy use, voltage, current, etc., and may perform operations on, or
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processing of, the data. The processor 210 may communicate with the communications
module 230 to transmit various operational parameters (e.g., energy usage), diagnostic data
(e.g., error conditions), or other electric meter information (e.g., GPS coordinates) to a head-

end system and/or to other electric meters via a wired or wireless network.

[0037] The memory 220 may be a storage device such as a solid state storage device or
other storage device, and may be a combination of volatile and non-volatile storage or
memory. In some implementations, portions of the memory may be included in the processor
210. The memory 220 may be configured to store instructions executable by the processor
210, as well as data generated by the various sensors 240 of the electric meter 200, and other

applications executable by the processor 210.

[0038] The communications module 230 may be a wired or wireless transceiver operable to
communicate via various wired or wireless protocols as known in the field for example, but
not limited to the AMI protocols. The communications module 230 may include a processor
235. The communications module 230 may enable the electric meter 200 to communicate
with other electric meters in a network (e.g., an AMI network) and with the utility provider
(e.g., a head-end system) controlling the network. The communications module 230 may
transmit data and alarm signals to the utility provider and receive any of updated program
instructions, firmware updates, updates to other settings, or other communications. The
communications module 230 may receive capacitor charge and discharge instruction signals
232 from the head-end system (e.g., the head-end system 110) and may communicate the

instruction signals to the processor 210.

[0039] The sensors 240 may include, but are not limited to, voltage sensors, current
sensors, accelerometers, tilt switches, temperature sensors, and other sensors configured to

monitor electrical and physical characteristics of the electric meter 200.

[0040] The capacitor measurement circuitry 250 may include charging circuitry 252 and
discharging circuitry 254 for the capacitor 270. The capacitor measurement circuitry 250
may measure the capacitor voltage and may convert the capacitor voltage values to digital
values, for example, with an analog-to-digital (A/D) converter 256. The capacitor voltage
may be measured during charging and/or during discharging. The capacitor measurement
circuitry 250 may communicate the digital values to the processor 210 for further processing.
The capacitor voltage measurements may be used to determine whether the capacitor is

degraded.
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[0041] The charging circuitry 252 may be a constant voltage charging circuit or a constant
current charging circuit as known to those of skill in the art. The discharging circuitry 254
may be a constant current discharging circuit or a constant load charging circuit (e.g., a
resistive load) as known to those of skill in the art. The A/D converter 256 may have

sufficient resolution and sampling frequency to capture capacitor voltage measurements.

[0042] The power supply 260 may be a direct current (DC) power supply and may derive a
primary alternating current (AC) voltage from the grid to which the electric meter 200 is
connected. The power supply 260 may rectify the primary AC voltage to generate DC
power. The DC power supply 260 may supply power to the components of the electric meter

200.

[0043] The capacitor 270 may provide power to the electric meter 200 for a short period of
time immediately after a power outage. The capacitor 270 may an electric double layer
capacitor (EDLC), also referred to as an ultracapacitor or supercapacitor, or another type of
capacitor. The capacitor 270 may provide sufficient power for the electric meter 200 to
transmit a “last gasp” message to the head-end system. The last gasp message may include a
notification of the power outage as well as other information (e.g., energy usage, error

conditions, or other electric meter information) at the time power was lost.

[0044] FIG. 3 is a block diagram illustrating a configuration an example of a configuration
of charging, discharging, and measurement circuits for a capacitor in an electric meter
according to some aspects of the present disclosure. Referring to FIG. 3, the DC power
supply 310 may supply power to the charging circuit 320, the discharging circuit 330, and the
capacitor measurement circuit 350. The charging circuit 320 may charge the capacitor 340.
The capacitor 340 may be, for example, the capacitor 270 of FIG. 2. The charging,
discharging, and measurement circuits may be existing charging, discharging, and
measurement circuits of the electric meter, and may be used with existing processes to

determine the condition of the capacitor.

[0045] The charging circuit 320 may be controlled by a processor, for example, by the
processor 210, or another processor included in the electric meter, and may receive capacitor
charging instruction signals 322 from the processor. The charging circuit 320 may provide a
voltage or current to charge the capacitor. For example, the charging circuit 320 may be a
constant current charging circuit or a constant voltage charging circuit. The charging circuit

320 may include a resistor 325 or other device to limit the charging current. When a



WO 2022/060786 PCT/US2021/050391

capacitor voltage measurement performed by the capacitor measurement circuit 350 indicates
that the capacitor voltage has fallen below a specified threshold voltage, the charging circuit
320 may charge the capacitor 340. The charging circuit 320 may also charge the capacitor
340 at predetermined intervals or upon receipt of a command from the head end system. The
charging circuit 320 may charge the capacitor 340 up to the power supply voltage or another
predetermined voltage. The degree of degradation of the capacitor 340 may be determined

based on capacitor voltage measurements during the charging period.

[0046] The discharging circuit 330 may be controlled by a processor, for example, by the
processor 210, or another processor included in the electric meter, and may receive capacitor
discharging instruction signals 232 from the processor. The discharging circuit 330 may
discharge the capacitor 340 when the capacitor voltage measured by the capacitor
measurement circuit 350 exceeds a predetermined threshold value. For example, the
capacitor voltage may increase with temperature or the capacitor 340 may become
overcharged by the charging circuit 320. The discharging circuit 330 may also discharge the
capacitor 340 at predetermined intervals or upon receipt of a command from the head end
system. The discharging circuit 330 may provide a voltage or current to charge the capacitor.
For example, the discharging circuit 330 may be a constant current discharging circuit or a
constant load discharging circuit. The discharging circuit 330 may discharge the capacitor
340 down to zero volts or another predetermined voltage. The degree of degradation of the
capacitor 340 may be determined based on capacitor voltage measurements during the

discharging period.

[0047] The capacitor measurement circuit 350 may be controlled by a processor, for
example, by the processor 210, or another processor included in the electric meter, and may
receive capacitor voltage measurement instruction signals 352 from the processor. The
capacitor measurement circuit 350 may include an analog-to-digital (A/D) converter (e.g., the
A/D converter 256) configured to sense capacitor voltage and convert the sensed capacitor
voltage values to digital values. In some implementations, the A/D converter may be part of
the processor, for example, the processor 210, or another processor included in the electric
meter. The A/D converter may have sufficient resolution and sampling frequency to capture
capacitor voltage measurements. For example, the A/D converter may have sufficient
resolution and sampling frequency to capture a step change in capacitor voltage indicative of

the capacitor ESR at the start of a discharge period. The capacitor voltage measurements

10
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obtained by the capacitor measurement circuit 350 may be transmitted to the head-end system

by the communications module (e.g., the communications module 230).

[0048] FIG. 4A is a plot 400 illustrating an example of capacitor voltage and capacitor
current versus time during a charging period of a capacitor in an electric meter according to
some aspects of the present disclosure. As illustrated in FIG. 4A, during the charging period,
the capacitor voltage 410 increases while the capacitor current 420 decreases. The
capacitance value of the capacitor 340 may be determined based on voltage measurements

obtained during the charging period.

[0049] Referring to FIG. 4A, a first capacitor voltage value vtl may be obtained during the
charging period at a first time t1, and a second capacitor voltage value vt2 may be obtained
during the charging period at a second time t2. The time interval from t1 to t2 may be small
compared to the time required for the capacitor 340 to charge up to the power supply voltage.
The A/D converter of the capacitor measurement circuit 350 may sample the capacitor
voltage at times t1 and t2 during the charging period. The capacitor voltage measurements
may be obtained during an approximately linear portion of the charging (or discharging)
curve after the ESR voltage drop occurs. The sampling times may be determined by the
processor (e.g., the processor 210 or another processor) or may be otherwise determined. The
sampling time may be based on the resolution of the A/D converter and the acceptable level
of error. For example, with a full scale voltage of 3.3 V, a 12-bit A/D converter can provide
a resolution of 3.3/2'> = 0.8 mV. With a charge or discharge rate of 1 V/minute, a sampling
time of 1 second may cause an error of 0.8 mV/16.67 mV=.048 or 4.8%. A longer sampling
period may provide a lower error. The A/D converter may communicate the capacitor

voltage values vtl and vt2 to the processor.

[0050] The processor may determine a capacitance value of the capacitor 340 based on the
measured capacitor voltage values and the time interval during which the capacitor voltage
values were obtained. The processor may determine the capacitance of the capacitor 340

using equation 1:

. 1dt
Capacitance = W )

where dt may be the time interval t2-t1, dV may be the difference between the capacitor
voltage values vt2 and vtl at t2 and tl, respectively, and I may be the average current

between times t1 and t2. The average current, I, may be calculated by equation (2):

11
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(Vps—vt2)+(Vps—vtl)
= = (2)

I

where Vps is the power supply voltage or other predetermined voltage to which the capacitor
is charged, and R is the value of the resistor 325 in FIG. 3. The capacitance value of the

capacitor may then be determined as equation (3):

1dt _ (Vps—-vt2)+(Vps—-vtl) t2-tl

Capacitance = 3)
av 2R vt2—-vtl

[0051] Since the charge time of the capacitor 340 may be assumed to be long compared to
the measurement interval (t2-t1), the calculated average current during the interval may be
assumed to be linear, and the resulting error negligible. The charge time of the capacitor 340
may be dependent on the charging circuitry designed to work with the power supply
capabilities and requirements of the system using that power supply. The measurement
interval selected should be of a time frame where the voltage charge slope is approximately
linear. The measurement interval may scale with the total time to charge the capacitor, such
that for faster charging of the capacitor the interval between t1 and t2 may be reduced by the
same factor that total charge time was reduced. The capacitance calculations may be
performed by one of the processors of the electric meter (e.g., the processor 210, the

processor 235, or another processor) or by a processor of the head-end system.

[0052] While the above example of determining capacitance is provided using
measurements obtained during a capacitor charging period, the capacitance value of the
capacitor may be similarly determined based on voltage measurements obtained during the
discharging period as illustrated in FIG. 4B. FIG. 4B is a plot 425 illustrating an example of
capacitor voltage 430 versus time during a discharging period of a capacitor in an electric
meter according to some aspects of the present disclosure. During the discharging period, the

capacitance value of the capacitor may be determined as equation (4):

Idt _ (Vps—vt1)+(Vps—vt2) t2-t1 (4)
av 2R vt1-vt2

Capacitance =

[0053] The capacitance value of the capacitor may be compared to a threshold value, for
example, a minimum specified capacitance value below which the capacitor may be
considered to be degraded. When it is determined that the capacitance value of the capacitor
falls below the threshold, it may be determined that the capacitor is degraded and should be
replaced. In some cases, it may be determined that the capacitance value of the capacitor is

decreasing at a rate that exceeds a specified threshold rate based on historical capacitance

12
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data. In either case, preemptive maintenance may them be performed prior to failure of the

capacitor.

[0054] In some cases, the electric meter may report the measured capacitance to the head-
end system, and the head-end system may identify that the capacitance is an outlier in a group
of comparable electric meters. Comparable electric meters may be, for example, electric
meters having one or more similar characteristics such as using the same capacitors, having
similar age, etc. In some cases, the head-end system may update the threshold values (e.g.,
capacitance, rate of change of capacitance) based on historical data or based on information
reported by other electric meters in a same group of meters. The head-end system may

transmit the updated threshold values to the electric meter.

[0055] In addition, change in ESR value of the capacitor may be estimated from an initial
“step” voltage drop in the capacitance voltage during the discharging period. A larger initial
step in the discharge voltage may indicate increasing capacitor ESR when compared to
previously obtained step discharge values. FIG. 4C is a plot 450 illustrating an example of an
initial step in capacitor voltage at the start of the discharge period of a capacitor in an electric

meter according to some aspects of the present disclosure.

[0056] Referring to FIG. 4C, the capacitor may be charged until the capacitor voltage 460
reaches a predetermined value, for example, the power supply voltage Vps or another
predetermined voltage. During discharge, the capacitor voltage may experience an initial
“step” voltage drop 470 from the predetermined voltage value prior to discharging at a rate
480 determined by the discharge circuit. The capacitor measurement circuit may obtain
capacitor voltage values at the predetermined voltage value and at the point of the slope
change 475 of the discharge voltage. The initial step voltage drop may increase as the ESR

of the capacitor increases.

[0057] The initial step voltage drop, AV, value between the predetermined voltage value
(e.g., Vps) and the voltage value at the point of the slope change 475 of the discharge voltage
may be determined by the processor (e.g., the processor 210, the processor 235, or another
processor). The step change in voltage may be proportional to the ESR of the capacitor. The
AV value may be compared to previous values of AV. The comparison may be performed by
one of the processors of the electric meter or by a processor of the head-end system. A larger
AV value than in previous capacitor voltage measurements may be an indication of

degradation of the capacitor (e.g., increased ESR).

13
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[0058] In some cases, it may be determined that the AV value of the capacitor is increasing
at a rate that exceeds a specified threshold rate based on historical data. In some cases, the
AV value of the capacitor may be compared to a threshold value, for example, a maximum
specified AV value corresponding to excessive ESR. When it is determined that the increase
in the AV value exceeds a specified threshold rate or the AV value of the capacitor exceeds a
threshold, it may be determined that the capacitor is degraded and should be replaced. A
notification may be generated to the head-end system, and preemptive maintenance may them

be performed prior to failure of the capacitor.

[0059] FIG. 5 is a flowchart illustrating an example of a method 500 for determining
capacitance of a capacitor in an electric meter according to some aspects of the present
disclosure. Referring to FIG. 5, at block 510, the capacitor may be charged. For example,
the capacitor may be charged using the charging circuitry of the electric meter. The charging
circuitry may be a constant voltage charging circuit or a constant current charging circuit.
The charging circuitry may charge the capacitor up to a predetermined voltage, for example,

the power supply voltage (Vps) or another predetermined voltage.

[0060] At block 515, discharging of the capacitor may be initiated. For example, referring
to FIG. 4B, the processor may cause the discharging circuitry (e.g., the discharging circuit
330) to begin discharging the capacitor. The discharging circuitry may be a constant load

circuit or a constant current discharging circuit.

[0061] At block 520, a first capacitor voltage measurement may be obtained at a first time.
During discharging of the capacitor, the capacitor measurement circuitry (e.g., the capacitor
measurement circuitry 250) may measure the capacitor voltage and may convert the capacitor

voltage values to digital values, for example, with an analog-to-digital (A/D) converter.

[0062] At block 525, a second capacitor voltage measurement may be obtained at a second
time. During discharging of the capacitor, the capacitor measurement circuitry (e.g., the
capacitor measurement circuitry 250) may measure the capacitor voltage at a second time
later than the first time, and may convert the capacitor voltage values to digital values, for

example, with an analog-to-digital (A/D) converter.

[0063] At block 530, the capacitance of the capacitor may be determined. The processor
may determine a capacitance value of the capacitor based on the measured capacitor voltage

values and the time interval during which the capacitor voltage values were obtained, for

14
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example, using equation (4) above. The capacitance calculations may be performed by one
of the processors of the electric meter (e.g., the processor 210, the processor 235, or another

processor) or by a processor of the head-end system.

[0064] At block 535, the capacitance value may be compared to a threshold capacitance
value. The threshold capacitance value may be a specified minimum capacitance value

below which the capacitor may be considered to be degraded.

[0065] At block 540, it may be determined whether the capacitance value is lower than the
specified threshold value. In response to determining that the capacitance value is lower than
the specified threshold value (540-Y), at block 545, a notification may be generated to the
head-end system. At block 550, preemptive maintenance may be performed based on the
notification. For example, the capacitor or the electric meter may be replaced prior to failure

of the capacitor.

[0066] In response to determining that the capacitance value is not lower than the specified
threshold value (540-N), at block 555, the rate of change of the capacitance value may be
compared to a threshold rate of change. The specified threshold rate of change may be may

be determined, for example, based on historical data of capacitance changes over time.

[0067] At block 560, it may be determined whether the rate of decrease of the capacitance
value exceeds a specified threshold rate. In response to determining that the capacitance
value of the capacitor is decreasing at a rate that exceeds the specified threshold rate (560-Y),
at block 545, a notification may be generated to the head-end system. At block 550,
preemptive maintenance may be performed based on the notification. For example, the

capacitor or the electric meter may be replaced prior to failure of the capacitor.

[0068] In response to determining that the rate of decrease of the capacitance value of the
capacitor does not exceed the specified threshold decrease rate (560-N), at block 565 it may
be determined that replacement of the capacitor is not required. Further testing, for example,

ESR testing, may subsequently determine that replacement of the capacitor is needed.

[0069] While the method for determining capacitance of a capacitor in an electric meter is
described as being performed during discharging of the capacitor, the method for determining
capacitance of a capacitor in an electric meter may be similarly performed during charging of
the capacitor without departing from the scope of the present disclosure. For example,

referring to FIG. 4A, a first capacitor voltage value vtl may be obtained during the charging
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period at a first time t1, and a second capacitor voltage value vt2 may be obtained during the
charging period at a second time t2. The time interval from t1 to t2 may be small compared
to the time required for the capacitor 340 to charge up to the power supply voltage. The A/D
converter of the capacitor measurement circuit 350 may sample the capacitor voltage at times
t1 and t2 during the charging period. The processor may determine a capacitance value of the
capacitor based on the measured capacitor voltage values and the time interval during which

the capacitor voltage values were obtained, for example, using equation (3) above.

[0070] The specific operations illustrated in FIG. 5 can provide a particular method for
determining capacitance of a capacitor in an electric meter according to an embodiment of the
present disclosure. Other sequences of operations may also be performed according to
alternative embodiments. For example, alternative embodiments of the present disclosure
may perform the operations outlined above in a different order. Moreover, the individual
operations illustrated in FIG. 5 may include multiple sub-operations that may be performed in
various sequences as appropriate to the individual operation. Furthermore, additional

operations may be added or removed depending on the particular applications.

[0071] The method 500, may be embodied on a non-transitory computer readable medium,
for example, but not limited to, the memory 220 or other non-transitory computer readable
medium known to those of skill in the art, having stored therein a program including
computer executable instructions for making a processor, computer, or other programmable

device execute the operations of the methods.

[0072] FIG. 6 is a flowchart illustrating an example of a method 600 for estimating
equivalent series resistance (ESR) of a capacitor in an electric meter according to some
aspects of the present disclosure. Referring to FIG. 6, at block 610, it may be determined that
a check of the ESR value of the capacitor (e.g., the capacitor 340) in the electric meter should
be performed. The check of the ESR value may be performed at predetermined intervals or

upon receipt of a command from the head end system.

[0073] At block 615, the capacitor may be charged. For example, the processor may cause
the charging circuitry (e.g., the charging circuit 320) to charge the capacitor. The charging
circuitry may charge the capacitor up to a predetermined voltage, for example, the power
supply voltage or another predetermined voltage. The charging circuitry may be a constant

voltage charging circuit or a constant current charging circuit.
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[0074] At block 620, the voltage on the capacitor may be discharged. During discharge by
a discharging circuit (e.g., the discharging circuit 330), the capacitor voltage may experience
an initial “step” voltage drop prior to discharging at a rate determined by the discharge

circuit. The plot of FIG. 4 illustrates the capacitor voltage discharge.

[0075] At block 625, the capacitor voltage may be measured. The capacitor measurement
circuitry (e.g., the capacitor measurement circuitry 250) may obtain capacitor voltage values
at the predetermined voltage value and at the point of the slope change of the discharge
voltage (e.g., the voltage of the step change. The capacitor measurement circuitry (e.g., the
capacitor measurement circuitry 250) may measure the capacitor voltage and may convert the
capacitor voltage values to digital values, for example, with an analog-to-digital (A/D)

converter.

[0076] At block 630, the AV of the capacitor may be determined. The processor may
determine a AV value of the capacitor voltage based on the measured capacitor voltage values
at the time interval during which the capacitor voltage values were obtained. The AV
calculations may be performed by one of the processors of the electric meter (e.g., the
processor 210, the processor 235, or another processor) or by a processor of the head-end

system.

[0077] At block 635, the AV value may be compared to a threshold AV value. The
threshold capacitance value may be a specified maximum AV value above which the

capacitor may be considered to be degraded.

[0078] At block 640, it may be determined whether the AV value exceeds the specified
threshold value. In response to determining that the AV value exceeds the specified threshold
value (640-Y), at block 645, a notification may be generated to the head-end system. At
block 650, preemptive maintenance may be performed based on the notification. For

example, the capacitor or the electric meter may be replaced prior to failure of the capacitor.

[0079] Inresponse to determining that the AV value does not exceed the specified threshold
value (640-N), at block 655, the rate of increase of the AV value may be compared to a
threshold rate of increase. The specified threshold rate of increase may be may be

determined, for example, based on historical data of AV changes over time.

[0080] At block 660, it may be determined whether the rate of increase of the AV value

exceeds the specified threshold rate. In response to determining that the AV value of the
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capacitor is increasing at a rate that exceeds the specified threshold rate (660-Y), at block
645, a notification may be generated to the head-end system. At block 650, preemptive
maintenance may be performed based on the notification. For example, the capacitor or the

electric meter may be replaced prior to failure of the capacitor.

[0081] In response to determining that the AV value of the capacitor is not increasing at a
rate that exceeds a specified threshold rate (660-N), at block 665 it may be determined that
replacement of the capacitor is not required. Further testing, for example, to determine the
capacitance value or change in capacitance value of the capacitor, may subsequently

determine that replacement of the capacitor is needed.

[0082] The specific operations illustrated in FIG. 6 can provide a particular method for
estimating ESR of a capacitor in an electric meter according to an embodiment of the present
disclosure. Other sequences of operations may also be performed according to alternative
embodiments. For example, alternative embodiments of the present disclosure may perform
the operations outlined above in a different order. Moreover, the individual operations
illustrated in FIG. 6 may include multiple sub-operations that may be performed in various
sequences as appropriate to the individual operation. Furthermore, additional operations may

be added or removed depending on the particular applications.

[0083] The method 600, may be embodied on a non-transitory computer readable medium,
for example, but not limited to, the memory 220 or other non-transitory computer readable
medium known to those of skill in the art, having stored therein a program including
computer executable instructions for making a processor, computer, or other programmable

device execute the operations of the methods.

[0084] The examples and embodiments described herein are for illustrative purposes only.
Various modifications or changes in light thereof will be apparent to persons skilled in the
art. These are to be included within the spirit and purview of this application, and the scope

of the appended claims, which follow.
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CLAIMS
WHAT IS CLAIMED IS:
1. A method for determining degradation of a capacitor in an electric meter, the method
comprising:

charging the capacitor to a predetermined voltage value during a charging period
using capacitor charging circuitry of the electric meter;

discharging the capacitor, during a discharge period, from the predetermined voltage
value using capacitor discharging circuitry of the electric meter;

measuring, during the discharge period, a first voltage value of the capacitor at a first
time and a second voltage value of the capacitor at a second time later than the first time
using capacitor measurement circuitry of the electric meter;

determining, by a processor of the electric meter, a capacitance value of the capacitor
based on the first voltage value, the second voltage value, the first time, and the second time;

comparing the determined capacitance value to a capacitance threshold value; and

determining that the capacitor is in a degraded condition when the determined

capacitance value is below the capacitance threshold value.

2. The method of claim 1, further comprising:
generating a notification to a head-end system that the capacitor is in a degraded

condition.

3. The method of claim 1, wherein the capacitance threshold value is determined based

on historical empirical capacitance data.

4 The method of claim 1, wherein the capacitor charging circuitry comprises a constant

voltage charging circuit or a constant current charging circuit.

5. The method of claim 1, wherein the capacitor discharging circuitry comprises a

constant load discharging circuit or a constant current discharging circuit.

6. The method of claim 1, further comprising estimating an equivalent series resistance

(ESR) of the capacitor by:
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performing capacitor voltage measurements at a start of the discharge period, wherein
the capacitor voltage measurements are performed over a series of time intervals shorter than
a time interval between the first time and the second time;

determining a change in slope of capacitor voltage based on the capacitor voltage
measurements performed over the series of time intervals; and

estimating the ESR of the capacitor based on the capacitor voltage measurements
obtained between the start of the discharge period and a point of the change in slope of the

capacitor voltage.

7. The method of claim 1, wherein the charging, discharging, and measuring of the

capacitor voltage is performed on a predetermined schedule.

8. The method of claim 1, wherein the charging, discharging, and measuring of the

capacitor voltage is performed in response to a command received by the electric meter.

9. The method of claim 1, wherein the capacitor is an electric double layer capacitor

(EDLC).

10. An electric meter, comprising:
a capacitor;
capacitor charging circuitry;
capacitor discharging circuitry;
capacitor measurement circuitry; and
a processor, the processor configured to:
cause the capacitor charging circuitry to charge the capacitor to a
predetermined voltage value during a charging period;
cause the capacitor discharging circuitry to discharge the capacitor from the
predetermined voltage value during a discharge period;
cause the capacitor measurement circuitry to measure, during the discharge
period, a first voltage value of the capacitor at a first time and a second voltage value of the
capacitor at a second time later than the first time;
calculate a capacitance of the capacitor based on the first voltage value, the
second voltage value, the first time, and the second time; and

compare the calculated capacitance to a capacitance threshold value.

20



WO 2022/060786 PCT/US2021/050391

11. The electric meter of claim 10, wherein the processor is further configured to generate

a notification to a head-end system that the capacitor is in a degraded condition.

12. The electric meter of claim 10, wherein the capacitance threshold value is determined

based on historical empirical capacitance data.

13. The electric meter of claim 10, wherein the capacitor charging circuitry comprises a

constant voltage charging circuit or a constant current charging circuit.

14. The electric meter of claim 10, wherein the capacitor discharging circuitry comprises

a constant load discharging circuit or a constant current discharging circuit.

15. The electric meter of claim 10, wherein the processor is further configured to estimate
an equivalent series resistance (ESR) of the capacitor by:

causing the capacitor measurement circuitry to perform capacitor voltage
measurements at a start of the discharge period, wherein the capacitor voltage measurements
are performed over a series of time intervals shorter than a time interval between the first
time and the second time;

determine a change in slope of capacitor voltage based on the capacitor voltage
measurements performed over the series of time intervals; and

estimate the ESR of the capacitor based on the capacitor voltage measurements
obtained between the start of the discharge period and a point of the change in slope of the

capacitor.

16. The electric meter of claim 10, wherein processor is further configured to perform the

charging, discharging, and measuring of the capacitor voltage on a predetermined schedule.

17. The electric meter of claim 10, wherein the processor is further configured to perform
the charging, discharging, and measuring of the capacitor voltage in response to a command

received by the electric meter.

18. The electric meter of claim 10, wherein the capacitor is an electric double layer

capacitor (EDLC).

19. A system comprising:

a head-end system including a first processor; and
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an electric meter coupled to the head-end system via a network, the electric meter
including:
a capacitor;
capacitor charging circuitry;
capacitor discharging circuitry;
capacitor measurement circuitry; and
a second processor, the second processor configured to, upon receiving a
command transmitted by the head-end system:
cause the capacitor charging circuitry to charge the capacitor to a
predetermined voltage value during a charging period,
cause the capacitor discharging circuitry to discharge the capacitor
from the predetermined voltage value during a discharge period,;
cause the capacitor measurement circuitry to measure, during the
discharge period, a first voltage value of the capacitor at a first time and a second voltage
value of the capacitor at a second time later than the first time;
determine a capacitance value of the capacitor based on the first
voltage value, the second voltage value, the first time, and the second time; and
in response to the command received from the head-end system,
transmit the determined capacitance value to the head-end system,
wherein the first processor of the head-end system is configured to:
receive the transmitted capacitance value from the electric meter;
compare the determined capacitance value to a capacitance threshold value;
and
determine that the capacitor is in a degraded condition when the determined

capacitance value is below the capacitance threshold value.

20. The system of claim 19, wherein the second processor of the head-end system is

further configured to generate a notification that the capacitor is in a degraded condition.

21. The system of claim 19, wherein the capacitance threshold value is determined based

on historical empirical capacitance data.

22. The system of claim 19, wherein the capacitor is an electric double layer capacitor
(EDLC).

22



