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ing the current flowing through an electric meter.
The electric meter mcludes a reactive sensor posi-
tioned 1m series with a bus bar contained i the
meter. The reactive sensor includes an imductor
and the voltage across the inductance is measured.
A control unit contained in the electric meter cal-
culates the current based on the detected voltage
and the value of the mductor. The value of the in-
ductor 1s determined by passing a reference cur-
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the control unit.
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METHOD AND SYSTEM OF MEASURING CURRENT IN AN ELECTRIC METER

BACKGROUND OF THE INVENTION
[0001] The present disclosure generally relates to a system and method for measuring
current 1n an electric meter. More specifically, the present disclosure relates to a system and
method for measuring current in an electric meter using a reactive sensor.
[0002] Several methods are in use to measure current in an electric meter. These
methods include Rogowski coils, current transformers and resistive shunts. Although each of
these methods 1s useful in determining the amount of current flowing through an electric meter,
each of the three currently available options add additional cost to the meter.
[0003] Presently, the lowest cost approach to accurately measure current in a production
electric meter utilizes a resistive shunt. The amount of current flowing through the electricity
meter is directed through the resistive shunt and the voltage across the resistive shunt is
measured. Although this method is effective at measuring current, the resistive shunt eventually
heats up and the resistance of the resistive shunt changes with the temperature change. Thus,
temperature compensation is needed to overcome the eftect of the change in resistance during the
measurement period, which increases both the cost and complexity of the electric meter.
[0004] Additionally, in high power electric meters of 100 amps or more, the resistive
shunt may dissipate too much power. While shunts of 25 micro ohms can be made to reduce
power dissipation, measuring the voltage across such a small resistance 1s difficult and the cost
of such device can be prohibitive. The present disclosure addresses many of these drawbacks of

current sensing systems that are presently 1n use today.

SUMMARY OF THE INVENTION

[0005] The present disclosure relates to a monitoring system for measuring the amount of
current flowing through an electric meter. The electric meter includes one or more bus bars that
receive a supply of current from a utility power supply and directs the current to loads within the
residence being serviced by the electric meter.

[0006] The electric meter includes a monitoring circuit that monitors the amount of
current being used by the residence serviced by the electric meter. The monitoring circuit can

monitor either a single phase or a three-phase power supply.
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[0007] The monitoring circuit includes an inductor positioned in series with the current
flowing through one of the bus bars. The current flowing through the bus bars passes through
the inductor and generates a voltage across the inductor. A voltage detector included in the
electric meter monitors the voltage across the inductor and a control unit contained within the

electric meter calculates the current based upon the sensed voltage.

[0008] During calibrati_on of the electric meter, a calibration circuit including a current
source having a known value and phase directs a current through the electric meter. As the
known current value is supplied to the electric meter, a calibration circuit determines the value
of the inductor based upon the relationship between the voltage across the inductor and the

current source.

[0009] In addition to determining the value of the inductance, the calibration circuit
also determines the series resistance included in the inductor based upon the phase shift
between the sensed voltage and the current supply. Based upon the phase shift, the calibration
circuit determines the value of the series resistance. The value of the series resistance, the phase

shift and the series inductance value are stored within memory of the control unit.

[0010] After the calibration process has been completed, the electric meter can be

deployed and used to monitor the value of current drawn through each of the bus bars.

[0010a] Accordingly, 1n one aspect the present invention resides in a system for
measuring the amount of current flowing from a utility source to one or more electric loads
through at least one bus bar contained in an electric meter, the system comprising: an inductor
positioned in series with the bus bar such that the current flowing to the one or more loads passes
through the inductor; a voltage detector positioned to detect the voltage across the inductor
created by the flow of current through the bus bar from the utility source to the one or more
electric loads; a control unit coupled to the voltage detector and operable to calculate the current

flowing through the bus bar of the electric meter from the utility source to the one or more

electric loads based on a value of the inductor and the detected voltage; wherein the control unit
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1s mounted to a circuit board contained within the electric meter, wherein the inductor is formed
on the circuit board, wherein the inductor includes a plurality of turns; and wherein the inductor

includes a combination of self-inductance and mutual inductance required to measure current.

[0010b] In another aspect, the present invention resides in a method of measuring the
current flowing from a utility source to one or more electric loads through a bus bar of an electric
meter, the method comprising the steps of: positioning an inductor in series with the bus bar
contained in the electric meter such that the current flowing to the one or more loads passes
through the inductor; detecting the voltage across the inductor created by the flow of current
through the bus bar; calculating the current flowing through the bus bar of the electric meter
based on a value of the inductor and the detected voltage; supplying a known reference current to
the electric meter; detecting the voltage across the inductor; calculating the value of the inductor
based on the known reference current and the detected voltage; wherein the known reference
current supplied to the electric meter 1s supplied at a known frequency and the value of the
inductor 1s calculated based on the known reference current, the known frequency and the
detected voltage; storing the calculated value of the inductor in a control umt of the electric
meter; and calculating the current based on the calculated value of the inductor, the known

frequency and the detected voltage.

[0010c¢] In a further aspect, the present invention resides 1n an electric meter for
measuring the amount of current flowing from a utility source to one or more electric loads,
comprising: at least one bus bar to connect the utility source to the one or more electric loads,
wherein the utility source has a frequency; an inductor positioned in series with the bus bar such
that the current flowing to the one or more loads passes through the inductor; a voltage detector
positioned to detect the voltage across the inductor created by the flow of current through the bus
bar; a control unit coupled to the voltage detector and operable to calculate the current flowing
through the electric meter based on the value of the inductor, the frequency and the detected
voltage; wherein the control umit 1s mounted to a circuit board contained within the electric meter,

wherein the inductor 1s formed on the circuit board; and wherein the voltage detector includes an

analog to digital converter.
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[0011] Various other features, objects and advantages of the invention will be made

apparent from the following description taken together with the drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0012] The drawings illustrate the subject matter of the present disclosure. In the
drawings:
[0013] Fig. 1 is a perspective view of a three-phase electronic electricity meter of the

present disclosure;

[0014] Fig. 2 is a back view of the three-phase electricity meter showing the ANSI-

standard configuration of the current sensing blades of bus bars for each of the three phases of

applied power;

[0015] Fig. 3 is a perspective view showing the positioning of the current sensing bus

bars and the metering circuit board;

-7 -
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[0016] Fig. 4 1s a schematic 1illustration of the current and measured voltage across an

Inductance placed 1n series with one of the bus bars;

[0017] Fig. 5 illustrates the phase shift between the current flowing through the bus bar

and the voltage across the series inductance;

[0018] F1g. 6 1s a graphical 1llustration of the relationship between the sensor voltage and

the load current;

[0019] Fig. 7 1s a graphical 1llustration of the phase shift vs. impedance, as a function of
inductance;

[0020] F1g. 8 1s a graphical illustration of the phase shift vs. impedance, as a function of
resistance;

[0021] Figs. 9a and 9b 1llustrate one type of inductor that can be formed as part of the

circuit board;

[0022] Fig. 10 1s a block diagram of the components of the electric meter in accordance

with the present disclosure;

[0023] Fig. 11 1s a perspective view of a bus bar constructed to include an inductor;
[0024] Fig. 12 1s a section view taken along line 12-12 of Fig. 11; and
[0025] Fig. 13 1s a perspective view illustrating another proposed type of inductor that

can be used as part of the present disclosure.

DETAILED DESCRIPTION OF THE INVENTION
0026] Fig. 1 illustrates a three-phase electronic electric meter 10 constructed in
accordance with the present disclosure. The electric meter 10 includes an enclosed meter
housing comprised of a cover member 12 mounted to a base member 14. The cover member 12
includes a generally clear face surface 16 that allows a digital display 18 to be read from the
exterior of the electric meter 10. The cover member 12 and base member 14 are joined to each
other in a conventional manner such that the base member 14 and the cover member 12 define a
sealed, meter housing. The meter housing prevents moisture and other environmental

contaminants from reaching the internal circuitry contained within the three-phase electric meter

10.

[06027] Referring now to Fig. 2, thereshown is a bottom view of the base member 14

including a generally planar base plate 20 that is formed as part of the base member 14. The

23
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base plate 20 includes a plurality of support legs 22 spaced evenly around the base plate 20. The
support legs 22 stabilize the electric meter when the electric meter is installed in a mating socket
positioned in-line with a supply of electricity to either a residential or commercial location. The
support legs 22 are typically formed from molded plastic and are formed integrally with the
remaining portions of the base member 14.

[0028] As can be seen 1n Fig. 2, the base of the electric meter 1s configured to have a first
pair of sensing blades 24a, 24b, a second pair of sensing blades 26a, 26b, and a third pair of
sensing blades 28a, 28b. The sensing blades 24-28 are typically configured as current sensing
blades and form part of three separate bus bars 30, 32 and 34, as shown in Fig. 3. As 1llustrated
in F1g. 3, the bus bars 30, 32 and 34 are each securely mounted to a circuit board 36 by a support
tab 38 and a sensing flange 39. The circuit board 36 includes a back support surface 40 as well
as a front surface 42. The front face surface 42 of the circuit board 36 includes the measurement
circuitry to be described 1in detail below that 1s operable to monitor the amount of electricity
consumed by the facility that the electric meter 10 1s servicing. The measurement circuitry
mounted to the front face surface 42 includes a current sensing arrangement to be described
below that senses the amount of current flow through the sensing flanges 39 of the bus bars 30,
32 and 34. The measurement circuitry includes a plurality of contact pads that extend through
the thickness of the circuit board 36 such that a physical contact made to the sensing flange 39
along the back surface 40 to complete an electrical connection to the measurement circuitry
mounted to the front face surface, as will be described in greater detail below.

[0029] Fig. 10 generally illustrates the position of the electric meter 10 between a supply
of utility power 44 and multiple energy consuming loads contained within a residence 46. As
illustrated in Fig. 10, power from the utility is received at the sensing blade 24a of one of the bus
bars 30. Although only one of the bus bars 30 1s shown in the embodiment of Fig. 10, it should
be understood that in a three-phase electric meter, three separate bus bars are required, one for
each of the phases of the three-phase power supply. Fig. 10 has been simplified to show only a
single phase and thus only a single bus bar 30. The second sensing blade 24b of the bus bar 30 1s
connected to the residence 46 such that current flows through the bus bar 30 from the utility 44
to the residence 46.

[0030] As is well known, the meter 10 is positioned to sense the amount of current

consumed by the residence 46. In the embodiment shown, an inductor 48 is positioned 1n series

_4 -
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with the current flowing through the bus bar 30 and serves as a sensing element for the meter 10.
The voltage across the inductor 48 is sampled by a voltage detector 50. In the embodiment
tllustrated, the voltage detector 50 is a 24 bit analog-to-digital converter that operates to sample
the voltage across the inductor 48. The voltage sampled across the inductor 48 is communicated
to a control unit 52 for the electric meter 10. The control unit 52 can be any type of processor,
such as those currently utilized 1n electric meters. The control unit 52 includes internal memory
54 that stores the voltage measurement and information about the electric meter 10, including the
determined value of the inductor 48. The value of the inductor 48 is determined during an initial
calibration process, the details of which will be described in detail below.
[0031] Based upon the value of the voltage measured by the voltage detector 50, the
control unit 52 utilizes the value of the inductor 48 to calculate the amount of current flowing
through the bus bar 30. The amount of current flowing through the bus bar 30 is stored in the
memory 54 and ultimately shown on the display 18.
[0032] In the illustration of Fig. 10, the voltage across the inductor 48 1s developed based
upon the formula:

Vi =1.XL Eq. |
[0033] In the above equation, X; = 2xnfl., where { 1s the line frequency, L is the series
inductance and I is the load current. The relationship between the voltage across the inductor
and the current 1s shown 1n Fig. 6 by trace 72. As can be understood 1n Fig. 10, if the series
inductance of the inductor 48 and the line frequency are known, the voltage detector 50 can
determine the load current through the simple mathematical equation.
[0034] As an example, if the inductor 48 has an inductance of 133nH, the voltage across
the inductor measured by the voltage detector will be 10mV at 200 amps. In a theoretical
analysis that discounts any resistance in the inductor 48, the voltage across the inductor 48 will
lead the current by 90°. However, as will be described in detail below, the inductor 48 does
include a small resistance that changes the amount that the voltage leads the current, as will be
described.
[0035] As described above, the voltage detector 50 can be a 24 bit analog-to-digital
converter. If needed, an amplifier can be incorporated to amplify the voltage signal across the
inductor 48 prior to sampling by the voltage detector 50. Such amplification may be required for

low currents being drawn by the residence, such as a starting current.

-5 -
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[0036] F1g. 4 schematically 1llustrates the configuration of current flowing through one of
the bus bars positioned between the load of the residence 46 and the utility voltage supply 44.
The current being drawn by the load in the residence 46 is measured by a current meter 56. The
current measured by current meter 56 flows through the inductor 48. The inductor 48 is
represented in Fig. 4 by a series inductance 58 and a series resistance 60. Since all inductors
include a metallic wire or a metallic trace formed on a circuit board, the metallic traces include a
small resistance, which is graphically represented in Fig. 4 as the series resistance 60. In a
system that 1s modeled without the series resistance 60, the current 56 lags behind the voltage 62
measured across the inductor 48 by 90°. In Fig. 4, the voltage across the inductor 48 is shown by
a voltage meter 62.

[0037] Fig. 5 illustrates a current trace 64 that represents the measured load current 56
and a voltage trace 66 that represents the voltage 62 measured across the inductor 48. In a model
in which the series resistance 60 1s discounted, the voltage trace 66 leads the current trace 64 by
90°, as 1llustrated by reference numeral A in Fig. 5. As illustrated, the trough 68 of the voltage
trace 66 1s 90° ahead of the corresponding trough 70 of the current trace 64.

[0038] As previously described, although the voltage will lead the current by 90° in an
embodiment in which the series resistance 60 is discounted, in practice, the series resistance 60
has a phase shifting effect on the current monitoring. Thus, during initial calibration of the
electric meter including the inductor 48 shown 1n Fig. 10, the calibration process must both
determine the value of the series inductance 58 as well as the value of the series resistance 60.
[0039] Initially, during the calibration process, a known current source 1s applied across
each of the bus bars. The known current source has both a known current value as well as a
fixed frequency. In one example, the testing current source can have a value of up to 200 amps
and frequency of 60 Hz. A test frequency of 50 Hz could also be used.

[0040] Once the testing current is connected to the electric meter, the testing circuitry
applies the current to the meter and measures the voltage across the inductor 48. As described
previously, the voltage across the inductor 48 is directly related to the load current, as illustrated
by trace 72 in Fig. 6. When both the voltage and current are known, the calibration circuitry 1s

then used to calculate the series inductance 58 utilizing Eq. 1 along with the following equations:
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Vr = ILRL Eq 2
VrtoraL = ZLIL Eq. 3
/= Ry +1XL Eq. 4
[0041] Once the series inductance 38 1s calculated, the series inductance is stored in

memory 54 of the meter 10, as shown in Fig. 10.Although the series impedance 58+60 can be
easily calculated by the voltage measured 62 divided by the current measured 56 using Eq. 3.
The extraction of the inductive and resistive components can be done by determining the phase
shift and from that angle the impedance can be broken down into pure resistance R and pure
inductance L, and from that, the reactance component X can be calculated from Eq. 1.

[0042] During the calibration process, the known current source having a known current
value and frequency is applied to the electric meter and the phase shift is determined between the
load current through the inductor 56 and the voltage across the inductor 48. As illustrated in Fig.
8, the value of the series resistance 60 can be determined based upon the phase difference
between the load current and the voltage across the inductor, as shown by trace 74. As an
example, if the phase difference between the load current and the voltage across the inductor is
known, the resistive component of the inductor impedance Z(R) can be determined. Likewise,
the inductive component of the impedance Z(X, ) can also be determined based on the phase
difference between the load current and the voltage across the inductor. Since the frequency 1s
known and the series impedance 48 has been previously determined, the calibration process can
determine the phase shift between the load current and the voltage across the inductor, which
results in the calculation of the series resistance 60 and the series inductance 58.

[0043] Fig. 7 illustrates a trace 76 showing the relationship between the phase shift and
the inductor impedance Z(X, ) while holding the resistive component constant. The graphs in
Figs. 7 and 8 thus illustrate the phase shift caused by the varying series resistance 60 and the
varying inductance 58 from some known initial value. The phase shift, the value of the series
resistance 60 and the value of the series inductance 58 are all stored in the memory 54 of the
control unit 52 shown in Fig. 10.

10044] Referring back to Fig. 10, the series inductor 48 can be incorporated into the
electric meter in many different manners. In one embodiment shown in Fig. 13, the inductor 48

could be formed from a wire 75 having multiple coils 77. In the embodiment illustrated, the wire

-7 -
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75 1s a solid piece of tin plated copper that is bent into the multiple coils shown in Fig. 13. The
spacing between the coils, the diameter of the wire and the diameter of each of the coils 77
controls the inductance created by the wire 75 and the coils 77.

[0045] Referring now to Figs. 9a and 9b, thereshown 1s another alternate embodiment of
the inductor 48. In the embodiment shown in Figs. 9a and 9b, the inductor 48 is formed as a first
coll 78 (F1g. 9a) and a second coil 80 (Fig. 9b) formed on opposite sides of the circuit board 36.
Each of the coils 78, 80 1s formed by an imprinting process in which a metallic material is
imprinted onto either the back surface 40 or the front surface 42 of the circuit board 36. The pair
of traces 1s preferably formed from a copper material and is joined to each other to define a pair
of coils. Each coil surrounds an open air core 82. As can be understood in Figs. 9a and 9b, the
open air core 82 1s formed from a removed portion of the circuit board 36. The pair of coils 78,
80 formed on any portion of the circuit board will provide both an economical and small
component for the monitoring circuit.

[0046] In yet another alternate embodiment, the inductor 48 shown in Fig. 10 could be
formed as part of the bus bar and the voltage across the inductor measured by the voltage
detector 50. Fig. 11 1llustrates one embodiment in which the inductor 1s formed as part of the
bus bar 30. In the embodiment shown in Fig. 11, the bus bar 30 is formed from two i1dentical
plates 84a and 84b. The plates 84a, 84b are positioned adjacent to each other and combined to
form the bus bar 30. Each of the plates 84a, 84b includes a pair of support tabs 86 that are used
to attach the bus bar 30 to the underside of the circuit board in a similar manner as to the
attachment of the bus bar shown in Fig. 3. The pair of plates 84a, 84b combines to form the pair
of sensing blades 88.

[0047] Referring now to Fig. 12, when the bus bar 30 is constructed, a thin, dielectric
spacer 90 is positioned between the pair of plates 84a and 84b. The dielectric spacer 90
introduces an inductance into the bus bar 30. The inductance is formed from the self inductance
of the pair of plates 84a and 84b as well as the mutual inductance created by the current flowing
through the separate plates of the bus bar 30. The combination of the self inductance and the
mutual inductance results in the bus bar 30 having an inductance of approximately 100 nH.

However, the material used to form the dielectric spacer 90 and/or the thickness of the spacer

could be modified to chance the inductance of the bus bar 30 as desired.
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[0048] When the bus bar 30 shown 1n Figs. 11-12 1s utilized 1n the electricity meter, the
electricity meter 1s once again calibrated to determine both the series inductance 58 and series
resistance 60 of the inductor (Fig. 4) created by the bus bar 30 in the manner described
previously. Once these values are determined during the calibration process, these values are
stored 1n the electricity meter as described.

[0049] Although various different types of inductors are described, it should be
understood that the inductor 48 shown 1n Fig. 10 could be formed by any different type of

method or process while operating within the scope of the present disclosure.
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We claim:

1. A system for measuring the amount of current flowing from a utility source to one or
more electric loads through at least one bus bar contained in an electric meter, the system
comprising:

an inductor positioned in series with the bus bar such that the current flowing to the one
or more loads passes through the inductor;

a voltage detector positioned to detect the voltage across the inductor created by the flow
of current through the bus bar from the utility source to the one or more electric loads;

a control unit coupled to the voltage detector and operable to calculate the current flowing
through the bus bar of the electric meter from the utility source to the one or more electric loads
based on a value of the inductor and the detected voltage;

wherein the control unit 1s mounted to a circuit board contained within the electric meter,
wherein the inductor is formed on the circuit board, wherein the inductor includes a plurality of
turns; and wherein the inductor includes a combination of self-inductance and mutual inductance

required to measure current.

2. The system of claim 1 wherein the value of the inductor is predetermined and stored in

the control unit.

3. The system of claim 1 wherein the voltage detector includes an analog to digital
converter.
4. A method of measuring the current flowing from a utility source to one or more electric

loads through a bus bar of an electric meter, the method comprising the steps of:

positioning an inductor in series with the bus bar contained in the electric meter such that
the current flowing to the one or more loads passes through the inductor;

detecting the voltage across the inductor created by the flow of current through the bus
bar:;

calculating the current flowing through the bus bar of the electric meter based on a value

of the inductor and the detected voltage;

- 10 -
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supplying a known reference current to the electric meter;

detecting the voltage across the inductor;

calculating the value of the inductor based on the known reference current and the
detected voltage;

wherein the known reference current supplied to the electric meter is supplied at a known
frequency and the value of the inductor is calculated based on the known reference current, the
known frequency and the detected voltage;

storing the calculated value of the inductor in a control unit of the electric meter; and

calculating the current based on the calculated value of the inductor, the known frequency

and the detected voltage.

5. The method of claim 4 wherein the current is calculated in a control unit mounted to a

circuit board contained in the electric meter.

6. The method of claim 5 wherein the inductor is formed on the circuit board.

7. The method of claim 4 wherein the inductor is formed on the bus bar.

8. The method of claim 4 wherein the inductor is part of the bus bar construction.
9. The method of claim 4 wherein the inductor is between 100 nH and 200 nH.

10. The method of claim 4 further comprising the steps of:
determining the phase shift between the current and the detected voltage; and

storing the phase shift in the control unit.

11. An electric meter for measuring the amount of current flowing from a utility source to one
or more electric loads, comprising:
at least one bus bar to connect the utility source to the one or more electric loads, wherein

the utility source has a frequencys;

- 11 -
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an inductor positioned in sertes with the bus bar such that the current flowing to the one
or more loads passes through the inductor;

a voltage detector positioned to detect the voltage across the inductor created by the flow
of current through the bus bar;

a control unit coupled to the voltage detector and operable to calculate the current flowing
through the electric meter based on the value of the inductor, the frequency and the detected
voltage;

wherein the control unit 1s mounted to a circuit board contained within the electric meter,
wherein the inductor 1s formed on the circuit board; and wherein the voltage detector includes an

analog to digital converter.

12.  The electric meter of claim 11 wherein the value of the inductor is predetermined and

stored in the control unit.

13.  The electric meter of claim 11 wherein the inductor includes a plurality of turns.

- 12 -
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