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(57) Abréegée/Abstract:

Some embodiments can concern a method of using a power consumption measurement device. The power consumption
measurement device can be mechanically coupled to a surface of a circuit breaker box overlying at least part of one or more main
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(57) Abrege(suite)/Abstract(continued):

electrical supply conductors for an electrical power infrastructure of a structure. The method can include: determining one or more
first magnetic field readings from the one or more main electrical supply conductors using one or more sensors In the power
consumption measurement device; after determining the one or more first magnetic field readings, electrically coupling a first
calibration load to the electrical power Infrastructure; while the first calibration load remains electrically coupled to the electrical
power Infrastructure, determining one or more second magnetic field readings from the one or more main electrical supply
conductors using the one or more sensors In the power consumption measurement device; calibrating the power consumption
measurement device using at least in part the one or more first magnetic field readings and the one or more second magnetic field
readings, after calibrating the power consumption measurement device, determining one or more third magnetic field readings
from the one or more main electrical supply conductors using the one or more sensors In the power consumption measurement
device; and determining an electrical power used by the electrical power Infrastructure of the structure using at least the one or
more third magnetic field readings and the one or more calibration coefficients. Calibrating the power consumption measurement
device can Include determining one or more first calibration coefficients for the power consumption measurement device using at

least In part the one or more first magnetic field readings and the one or more second magnetic field readings. Other embodiments
are disclosed.
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n a method of using a power consumption measurement device. The power con-

sumption measurement device can be mechanically coupled to a surface of a circuit breaker box overlying at least part of one or
more main electrical supply conductors for an electrical power mfrastructure of a structure. The method can include: determining
one or more first magnetic field readings from the one or more main electrical supply conductors using one or more sensors in the
power consumption measurement device; after determining the one or more first magnetic field readings, electrically coupling a
first calibration load to the electrical power mfrastructure; while the first calibration load remains electrically coupled to the elec-
trical power infrastructure, determining one or more second magnetic field readings from the one or more main electrical supply
conductors using the one or more sensors in the power consumption measurement device; calibrating the power consumption
measurement device using at least in part the one or more first magnetic field readings and the one or more second magnetic field
readings, after calibrating the power consumption measurement device, determining one or more third magnetic field readings
from the one or more main electrical supply conductors using the one or more sensors in the power consumption measurement de-
vice; and determining an electrical power used by

[Continued on next page]
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the electrical power mfrastructure of the structure using at least the one or more third magnetic field readings and the one or more
calibration coetlicients. Calibrating the power consumption measurement device can mclude determining one or more first cali-
bration coetficients for the power consumption measurement device using at least i part the one or more first magnetic field read-
mgs and the one or more second magnetic field readings. Other embodiments are disclosed.
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SYSTEMS AND METHODS FOR MEASURING ELECTRICAL POWER USAGE IN
A STRUCTURE AND SYSTEMS AND METHODS OF CALIBRATING THE SAME

CROSS-REFERENCE TO RELATED APPLICATIONS
[0001] This application claims the benefit of U.S. Provisional Application No. 61/361,296,
filed July 2, 2010 and U.S. Provisional Application No. 61/380,174 filed September 3, 2010.
This application 1s also a continuation-in-part of United States Application No. 12/567,561,
filed September 25, 2009. U.S. Provisional Application Nos. 61/361,296 and 61/380,174 and
U.S. Application No. 12/567,561 are incorporated herein by reference.
FIELD OF THE INVENTION
[0002] This invention relates generally to apparatuses, devices, systems, and methods for
monitoring ¢lectrical power, and relates more particularly to such apparatuses, devices,
systems, and methods that monitor electrical power 1n one or more main e¢lectrical power
conductors at an electrical circuit breaker panel of a structure.
DESCRIPTION OF THE BACKGROUND
[0003] A structure (¢.g., a home or a commercial building) can have one or more main
clectrical power conductors that supply the electrical power to electrical devices (1.e., the
load) 1n the structure. Most structures use a split-phase electrical power distribution system
with up to three main electrical power conductors. The main electrical power conductors
enter the structure through an electrical circuit breaker panel. An electrical circuit breaker
panel 1s the main electrical distribution point for electricity 1n a structure. Electrical circuit
breaker panels also provide protection from over-currents that could cause a fire or damage
clectrical devices 1n the structure. Electrical circuit breaker panels can be coupled to and
overlay at least part of the three main power conductors.
[0004] Different manufacturers of electrical circuit breaker panels, including, for example,
Square-D, Eaton, Cutler-Hammer, General Electric, Siemens, and Murray, have chosen
different conductor spacing and configurations for their clectrical circuit breaker panels.
Furthermore, each manufacturer produces many different configurations of electrical circuit
breaker panels for mmdoor installation, outdoor installation, and for different total amperage
ratings, of which 100 amperes (A) and 200 A services are the most common.
[0005] The different conductor layouts in the many different types of electrical circuit
breaker panels result 1in different magnetic field profiles at the metal surfaces of the electrical
circuit breaker panels. Morecover, the layout of the internal conductors (e.g., the main
clectrical power conductors) 1s not visible without opening the breaker panel and the manner

in which the mternal conductor layout translates into a magnetic field profile at the surface of
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the electrical circuit breaker panel requires a detailed knowledge of electromagnetic theory to
interpret and model correctly. It 1s, therefore, difficult to measure accurately the magnetic
ficld of the one or more main electrical power conductors at a surface of the electrical circuit
breaker panel. If the magnetic field of the one or more main electrical power conductors at a
surface of the electrical circuit breaker panel could be accurately determined, the electrical
current and power being used by the load 1n the structure could be determined.
[0006] Accordingly, a need or potential for benefit exists for an apparatus, system, and/or
method that allows a non-electrician to determine accurately the magnetic field and other
parameters related to the one or more main electrical power conductors at the surface of the
clectrical circuit breaker panel.

BRIEF DESCRIPTION OF THE DRAWINGS
[0007] To facilitate further description of the embodiments, the following drawings are
provided 1n which:
[0008] FIG. 1 illustrates a view of an exemplary electrical power monitoring system coupled
to an clectrical breaker panel, according to a first embodiment;
[0009] FIG. 2 1illustrates a block diagram of the electrical power monitoring system of FIG. 1,
according to the first embodiment;
[0010] FIG 3 1llustrates a cut-away view of the circuit breaker panel of FIG. 1 along
conductor 3-3, according to the first embodiment;
[0011] FIG. 4 illustrates an example of magnetic field conductors generated by a conductor;
[0012] FIG. 5 illustrates an example of the magnetic field conductors generated by main
clectrical power conductors 1n the circuit breaker of FIG. 1, according to the first
embodiment;
[0013] FIG. 6 1illustrates an example of the sensing device of FIG. 2, according to the first
embodiment;
[0014] FIG. 7 1llustrates an exemplary placement of the sensing device of FIG. 2 over a main
clectrical power conductor of the circuit breaker of FIG. 1, according to the first embodiment;
[0015] FIG. & 1llustrates an exemplary graph of a voltage of electrical current sensors versus
time, according to an embodiment;
[0016] FIG. 9 1llustrates an example of a sensing device, according to a second embodiment;
[0017] FIG. 10 1llustrates an example of the sensing device of FIG. 9 over the main electrical
power conductors of the circuit breaker of FIG. 1, according to the second embodiment;
[0018] FIG. 11 1llustrates an example of the calibration device of FIG. 1, according to the
first embodiment;

[0019] FIG. 12 1illustrates exemplary graph of potential incoming low voltage signal to a
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controller of FIG. 11 from a level translator of FIG. 11, according to an embodiment;

[0020] FIG. 13 1illustrates exemplary graphs illustrating the relationship of a squared low
voltage signal used to develop a phase reference and the low voltage signal of FIG. 12,
according to an embodiment;

[0021] FIG. 14 illustrates an example of a switched load, according to a third embodiment;
[0022] FIG. 15 1llustrates an example of a switched load, according to a fourth embodiment;
[0023] FIG. 16 illustrates an example of a switched load, according to a fifth embodiment;
10024] FIG. 17 illustrates an example of a switched load, according to a sixth embodiment;
[0025] FIG. 18 1llustrates a flow chart for a method of calibrating an electrical monitoring
system, according to an embodiment;

[0026] FIG. 19 1llustrates a flow chart for an activity of determining the calibration
coctticients, according to an embodiment;

[0027] FIG. 20 1illustrates a flow chart for a method of determining the predicted current in
the main clectrical power conductors, according to an embodiment;

[0028] FIG. 21 1llustrates an example of a first location of two electrical current sensors
relative to the mam electrical power conductors 1n an exemplary sensing device, according to
an embodiment;

[0029] FIG. 22 1llustrates a graph comparing a predicted current compared to the measured
currents for the electrical current sensors of FIG. 21;

[0030] FIG. 23 1illustrates an example of a second location of two e¢lectrical current sensors
relative to the mam electrical power conductors 1n an exemplary sensing device, according to
an embodiment; and

[0031] FIG. 24 1llustrates a graph comparing a predicted current compared to the measured
currents for the electrical current sensors of FIG. 23.

[0032] For simplicity and clarity of 1llustration, the drawing figures illustrate the general
manner of construction, and descriptions and details of well-known features and techniques
may be omitted to avoid unnecessarily obscuring the invention. Additionally, elements 1n the
drawing figures are not necessarily drawn to scale. For example, the dimensions of some of
the clements 1n the figures may be exaggerated relative to other elements to help improve
understanding of embodiments of the present invention. The same reference numerals 1n
different figures denote the same clements.

[0033] The terms “first,” “second,” “third,” “fourth,” and the like 1n the description and 1n the
claims, if any, are used for distinguishing between similar elements and not necessarily for
describing a particular sequential or chronological order. It 1s to be understood that the terms

so used are interchangeable under appropriate circumstances such that the embodiments
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described herein are, for example, capable of operation m sequences other than those
illustrated or otherwise described herein. Furthermore, the terms “include,” and “have,” and
any variations thercof, are intended to cover a non-exclusive inclusion, such that a process,
method, system, article, device, or apparatus that comprises a list of clements 18 not
necessarily limited to those elements, but may include other elements not expressly listed or
inherent to such process, method, system, article, device, or apparatus.

[0034] The terms “left,” “right,” “front,” “back,” “top,” “bottom,” “over,” “under,” and the
like 1in the description and in the claims, 1f any, are used for descriptive purposes and not
necessarily for describing permanent relative positions. It 1s to be understood that the terms
so used are interchangeable under appropriate circumstances such that the embodiments of
the mvention described herein are, for example, capable of operation in other orientations
than those 1llustrated or otherwise described herein.

2% &6

[0035] The terms “couple,” “coupled,” “couples,” “coupling,” and the like should be broadly
understood and refer to connecting two or more eclements or signals, electrically,
mechanically and/or otherwise. Two or more electrical elements may be electrically coupled
but not be mechanically or otherwise coupled; two or more mechanical elements may be
mechanically coupled, but not be electrically or otherwise coupled; two or more electrical
clements may be mechanically coupled, but not be clectrically or otherwise coupled.
Coupling may be for any length of time, ¢.g., permanent or semi-permanent or only for an
instant.
[0036] “Electrical coupling” and the like should be broadly understood and include coupling
involving any electrical signal, whether a power signal, a data signal, and/or other types or
combinations of clectrical signals. “Mechanical coupling” and the like should be broadly
understood and include mechanical coupling of all types.
[0037] The absence of the word “removably,” “removable,” and the like near the word
“coupled,” and the like does not mean that the coupling, etc. in question 1S or 1s not
removable.

DETAILED DESCRIPTION OF EXAMPLES OF EMBODIMENTS
[0038] Some embodiments can concern a method of using a power consumption
measurement device. The power consumption measurement device can be mechanically
coupled to a surface of a circuit breaker box overlying at least part of one or more main
clectrical supply conductors for an clectrical power infrastructure of a structure. The method
can include: determining one or more first magnetic field readings from the one or more main

clectrical supply conductors using one or more sensors in the power consumption

measurement device; after determining the one or more first magnetic field readings,
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clectrically coupling a first calibration load to the electrical power infrastructure; while the
first calibration load remains clectrically coupled to the electrical power infrastructure,
determining one or more second magnetic field readings from the one or more main ¢lectrical
supply conductors using the on¢ or more sensors 1n the power consumption measurement
device; calibrating the power consumption measurement device using at least 1n part the one
or more first magnetic field readings and the one or more second magnetic field readings,
after calibrating the power consumption measurement device, determining one or more third
magnetic field readings from the one or more main electrical supply conductors using the one
Or more sensors 1n the power consumption measurement device; and determining an electrical
power used by the electrical power infrastructure of the structure using at least the one or
more third magnetic field readings and the one or more calibration coefficients. Calibrating
the power consumption measurement device can include determining one or more first
calibration coefficients for the power consumption measurement device using at least 1n part
the one or more first magnetic ficld readings and the one or more second magnetic field
reading.

[0039] Other embodiments can concern a method of calibrating a magnetic ficld sensor
device. The magnetic ficld sensor device coupled to a first surface of a circuit breaker box.
The circuit breaker box overlays an electrical power infrastructure of a building. The
clectrical power infrastructure has a first phase branch and a second phase branch. The
magnetic field sensor device can include two or more magnetic ficld sensors. The method
can include: determining a first amplitude and a first phase angle of a first magnetic ficld 1n
the two or more magnetic field sensors of the magnetic field sensor device; receiving
communications that a first load 1s coupled to the first phase branch of the electrical power
infrastructure; while the first load 1s coupled to the first phase branch, determining a second
amplitude and a second phase angle of a second magnetic field in the two or more magnetic
ficld sensors of the magnetic field sensor device; receiving communications that a second
load 1s coupled to the second phase branch of the electrical power infrastructure; while the
second load 1s coupled to the first phase branch, determining a third amplitude and a third
phase angle of a third magnetic ficld in the two or more magnetic field sensors of the
magnetic field sensor device; and determining one or more calibration coefficients for the
magnetic field sensor device at least in part using the first amplitude and the first phase angle
of the first magnetic field in the two or more magnetic field sensors, the second amplitude
and the second phase angle of the second magnetic field in the two or more magnetic field
sensors, and the third amplitude and the third phase angle of the third magnetic field in the

two or more magnetic field sensors.
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[0040]  Further embodiments can concern a system for monitoring clectrical power usage
in an ¢lectrical power infrastructure of a building. The building includes a circuit breaker box
and clectrical supply conductors of the electrical power infrastructure of the building. The
system can include: (a) a power consumption measurement device configured to be coupled
to a first surface of the circuit breaker box. the circuit breaker box overlying at least part of
the celectrical supply conductors for the clectrical power infrastructure, the power
consumption measurement device having one or more magnetic field sensors; (b) a first
calibration device configured to be electrically coupled to the electrical power infrastructure,
the first calibration module comprising one or more first calibration loads; and (c¢) a
calibration module configured to run on a first processor and configured to at least partially
calibrate the power consumption measurement device using data obtained from the one or
more magnetic ficld sensors of the power consumption measurement device. The power
consumption measurement device can be configured to obtain at least part of the data while at
lcast one of the one or more first calibration loads 1s electrically coupled to the electrical
power infrastructure and while the power consumption measurement device 18 coupled to the
first surface of the circuit breaker box.

[0041] In yet still further embodiments, a magnetic ficld sensing device can include: (a) at
least two magnetic field sensors configured to detect a magnetic field 1n a current carrying
conductor; (b) a phase detector electrically coupled to outputs of the at least two magnetic
field sensors; and (c¢) a phase indicator clectrically coupled to the phase detector. The phase
indictor can include a display that indicates when the at least two magnetic field sensors are
in a predetermined position in relation to the current carrying conductor.

[0042] FIG. 1 1illustrates a view of an exemplary electrical power monitoring system 100
coupled to a circuit breaker panel 190, according to a first embodiment. FIG. 2 illustrates a
block diagram of electrical power monitoring system 100, according to the first embodiment.
FIG 3 1illustrates a cut-away view of circuit breaker panel 190 along conductor 3-3, according
to the first embodiment.

[0043] Electrical power monitoring system 100 can also be considered a system for
monitoring clectrical power usage of a structure (1.¢., a building). Electrical power
monitoring system 100 can also be considered a device and system for determining the
predicted current used by one or more clectrical device (1.e., the load) in a structure.
Electrical power monitoring system 100 1s merely exemplary and 1s not limited to the
embodiments presented herein. Electrical power monitoring system 100 can be employed 1n
many different embodiments or examples not specifically depicted or described herein.

[0044] In some examples, electrical power monitoring system 100 can include: (a) at least
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on¢ sensing device 110 (1.e., a power consumption measurement device); (b) at least one
computational unit 120; and (¢) at least one calibration device 180.

[0045] In some examples, system 100 can be used on breaker panels from different
manufacturers and on different types of breaker pancls from the same manufacturer. In
addition, 1n some examples, system 100 can be easily mstalled by an untrained person (1.¢., a
non-¢lectrician) without opening the breaker panel box and exposing the uninsulated
clectrical power conductors 1nside.

[0046] Also as shown 1n FIG. 1, a conventional breaker box or circuit breaker panel 190 can
include: (a) two or more individual circuit breakers 191; (b) two or main circuit breakers 192;
(¢) a panel 196 with an exterior surface; and (d) a door 197 that provides access to circuit
breakers 191 and 192. At least a portion of main ¢lectrical power conductors 193, 194, and
195 can be located within circuit breaker panel 190. “Circuit breaker panel” can also refer to
and include fuse boxes, which are still common 1n buildings with older electrical systems.
The clectrical power infrastructure of a structure can include at least circuit breaker panel 190
and main clectrical power conductors 193, 194, and 195. In some examples, circuit breaker
pancls can also refer to any type of electrical distribution panel used to provide electricity to a
structure.

[0047] Main ¢lectrical power conductors 193, 194, and 195 are c¢lectrically coupled to main
circuit breakers 192 and supply the electrical power to electrical devices (1.¢., the load) 1n the
structure. Panel 196 overlies at least part of main electrical power conductors 193, 194, and
195 and associated circuitry to protect people from mnadvertently contacting these energized
clectrical power conductors. Usually, panel 196 1s composed of steel or another metal.

[0048] Door 197 covers circuit breakers 191 and 192 and 1s typically closed for aesthetic
reasons but can be opened to allow access to the levers of the circuit breakers 191 and 192
within circuit breaker panel 190. As shown in FIG. 3, when door 197 1s closed, panel region
398 can have a panel region depth 399. The panel region depth 399 1s typically 13
millimeters (mm) to 20 mm to allow door 197 to close without hitting the circuit breaker
levers 189. The depth of panel region depth 399 limits the permissible thickness of sensing
device 110 that 1s mounted 1n panel region 398. That 1s, 1n various examples, sensing device
110 can fit within panel region depth 399 so that the door of the breaker panel can be kept
closed while sensing device 110 18 1n operation. In many examples, sensing device 110 has a
depth of less than 20 mm. In the same or different examples, sensing device 110 can have a
depth of less than 13 mm.

[0049] Residential and small commercial electrical service 1s typically 240 volt split phase

service. This refers to the utility providing two 120 V alternating current (AC) source
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conductors (¢.g., power conductors 193 and 194) that are 180 degrees out of phase, along
with a neutral conductor (e.g., power conductor 195) that can be used to return current from
cither power conductor 193 or 194. Power conductors 193, 194, and 195 are the "feeder” or
"main" electrical power conductors that carry the incoming power from the utility before
being split up mnto branch circuits that serve different loads. By sensing the magnetic fields
generated by power conductors 193, 194, and 195, system 100 can sense the total current
drawn by all loads from the utility because all loads in the structure are coupled 1n parallel to
power conductors 193, 194, and/or 195.

[0050] In the United States, many different types of electrical loads are found 1n a building
served by a 240 V split phase utility service. The electrical loads can be divided into two
categorics of loads: (a) 120 V loads; and (b) 240 V loads.

[0051] The 120 V loads can primarily include lower-wattage loads, 1.¢., loads plugged mto
standard 3-prong 120 V 15 A or 120 V 20 A outlets, and small appliances with less than ~2
kW (kilowatt) power draw. These loads are wired in individual circuits between power
conductors 193 and 195 pair (the “first phase branch” or the “193-195 leg” of the wiring
circuit) or power conductors 194 and 195 pair (the “second phase branch” or the “194-195
leg” of the wiring circuit). When wiring a structure, electricians attempt to balance the
anticipated wattage of loads and outlets on each leg, but this 1s not an exact process so current
in the 193-195 leg and the 194-195 leg are likely to be unbalanced because a different total
wattage 18 typically drawn from each pair. When a 120 V load 1s turned on, 1ts current flows
from the utility, through power conductor 193 or 194 through the main and circuit level
circuit breakers, to the load, and then back to power conductor 195 and back to the utility.
[0052] The 240 V loads are typically large appliances (e.g., clectric dryer, stove, air
conditioner compressor, clectric baseboard heaters) that consume more than two kW
(kilowatts). In this case, the load current flows between power conductors 193 and 194 and
no load current flows 1n power conductor 195. Because of the 180 degree phase relationship
between the voltages on power conductors 193 and 194, the total voltage 1s 240 V.

[0053] Referring again to FIGs. 1 and 2, computational unit 120 can include: (a)a
communications module 221; (b) a processing module 222; (¢) a power source 223 with an
clectrical connector 128; (d) a user communications device 134; (¢) a controller 225; (1)
memory 226; (g) a calibration load module 227; (h) a calibration calculation module 229; (1)
a control mechanism 132; and (j) electrical voltage sensor 228.

[0054] Computational unit 120 can be configured to receive the output signal from
calibration device 180 and/or sensing device 110 via communications module 221 and

process the output signal to determine one or more parameters related to the electrical power
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usage of the structure (e.g., the electrical power used by the structure and the electrical
current 1n main e¢lectrical power conductors 193, 194, and 195). In some embodiments,
computational unit 120 can be a personal computer (PC).

[0055] Controller 225 can be a microcontroller such as the MSP430 microcontroller
manufactured by Texas Instruments, Inc. In another embodiment, controller 225 1s a digital
signal processor such as the TMS320VC5505 digital signal processor manufactured by Texas
Instruments, Inc. or a Blackfin digital signal processor manufactured by Analog Devices, Inc.
[0056] Processing module 222 can be configured use current measurements from sensing
device 110 to determine one or more parameters related to the electrical power usage of the
structure (e.g., the electrical current and electrical power of main electrical power conductors
193, 194, and 195). As will be explained below, calibration calculation module 229 can be
configured to use current measurements from sensing device 110 to calibrate electrical power
monitoring system 100 (e.g., calculate the calibration coetficients for sensing device 110).
[0057] In some examples, processing module 222 and calibration calculation module 229 can
be stored in memory 226 and configured to run on controller 225. When computational unit
120 1s running, program 1nstructions (e.g., processing module 222 and/or calibration
calculation module 229) stored in memory 226 are executed by controller 225. A portion of
the program instructions, stored 1n memory 226, can be suitable for carrying out methods
1800 and 2000 (FIGs. 18 and 20, respectively) as described below.

[0058] Calibration load module 227 can include one or more calibration loads. As will be
explained below, the one or more calibration loads can be temporarily electrically coupled to,
for example, the first phase branch of the electrical power infrastructure of structure to help
calibrate electrical power monitoring system 100.

[0059] In some examples, user communications device 134 and control mechanism 132 can
be detachable from the rest of computational unit 120 and wirelessly communicate with the
rest of computational unit 120.

[0060] Electrical voltage sensor 228 can be used to determining the amplitude and phase
angle of the voltage across the electrical power infrastructure. The phase angle of the current
across 18 equal to the phase angle measured by electrical current sensors 211 minus the phase
angle of the voltage measured using electrical voltage sensor 228. That 18, the phase angle of
the current can be calculated 1n reference to the zero point crossing of the voltage.

[0061] In some examples, sensing device 110 can communicate the current measurement
made by electrical current sensors 211 to computation unit 120 so the phase angle of the
current can be calculated. In other examples, computational device 120 can communicate the

voltage measurement by electrical voltage sensor 228 to sensing device 110 so the phase
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angle of the current can be calculated. In other examples, electrical voltage sensor 228 can be
located 1n calibration device 180.

[0062] Power source 223 can provide electrical power to communications module 221, a
processing module 222, user communications device 134, controller 225, memory 226,
calibration load module 227, and/or control mechanism 132. In some examples, power
source 223 can coupled to electrical connector 128 that can be coupled to an electrical wall
outlet of the electrical power infrastructure.

[0063] User communications device 134 can be configured to display information to a user.
In one example, user communications device 134 can be a monitor, a touch screen, and/or
on¢ or more LEDs (light emitting diodes).

[0064] Control mechanism 132 can include one or more buttons configured to at least
partially control computational unit 120 or at least user communications device 134. In one
example, control mechanism 132 can include a power switch (1.e., an on/off switch) and/or a
display switch configured to control what 1s displayed on user communications device 134.
[0065] Still referring to FIGs. 1 and 2, sensing device 110 can include: (a) two or more or
magnetic field sensors or clectrical current sensors 211; (b) a controller 213; (¢) a user
communications module 214; (d) a communications module 215; (¢) a power source 216; and
(f) a coupling mechanism 219. Controller 213 can be used to control e¢lectrical current
sensors 211, user communications module 214, communications module 215, and power
source 216.

[0066] Electrical current sensors 211 can include an inductive pickup, a Hall effect sensor, a
magnetoresistive sensor, or any other type of sensor configured to respond to the time
varying magnetic ficld produced by the conductors inside circuit breaker panel 190.

[0067] In various examples, sensing device 110 can be configured to be coupled to a surface
of panel 196 using coupling mechanism 219. In some examples, coupling mechanism 219
can include an adhesive, a Velcro® material, a magnet, or another attachment mechanism.
[0068] Communications module 215 can be ¢lectrically coupled to electrical current sensors
211 and controller 213. In some examples, communications module 215 communicates the
voltages or other parameters measured using electrical current sensors 211 to
communications module 221 of computational unit 120. In many examples, communications
module 215 and communications module 221 can be wireless transceivers. In some
examples, eclectrical signals can be transmitted using WI-FI (wireless fidelity), the IEEE

(Institute of Electrical and Electronics Engineers) 802.11 wireless protocol or the Bluetooth

3.0+HS (High Speed) wireless protocol. In further examples, these signals can be transmitted
via a Zigbee (IEEE 802.15.4 wireless protocol), Z-Wave, or a proprictary wireless standard.
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In other examples, communications module 215 and communications module 221 can
communicate electrical signals using a cellular or wired connection.

[0069] User communications module 214 can be configured to display information to a user.
In one example, user communications module 214 can be a LCD (liquid crystal display),
and/or on¢ or more LEDs (light emitting diodes).

[0070] Controller 213 can be configured to control clectrical current sensors 211,
communications module 2135, user communications module 214, and/or power source 216.
[0071] Calibration device 180 can include: (a) a communications module 281; (b)an
clectrical connector 282; (¢) a calibration load module 283; (d) a user communication device
184; (¢) a controller 285; and (f) a power source 289. In some examples, communications
module 281 can be similar or the same as communications module 215 and/or 221. Electrical
connector 282 can be an electrical power plug m some examples. User communication
device 184 can be configured to display information to a user. In one example, user
communication device 184 can be one or more LEDs.

[0072] According to Ampere's Law, magnetic ficlds are genecrated by current carrying
conductors, as shown 1n FIG. 4. That 1s, the magnetic ficld generated by a given conductor 1s
a three-dimensional vector field, which can be decomposed 1into components 1n each of the X,
Y, and Z axes. In an alternating current system, these magnetic ficlds are time varying in
magnitude, but maintain the same vector angle with respect to the coordinate basis. Thus,
when referring to the X axis, for example, the field may at any instant be pointing in the +X
direction or the -X direction as the AC current reverses direction at the line frequency of, for
example, 60 Hz. It 1s intended that a magnetic field component in the X direction may refer
to either +X or -X depending on the direction of current flow at a particular instant.

[0073] The magnetic field lines obey the "right hand rule" of Ampere's law; 1f the thumb of a
person's right hand 1s aligned with the direction of current flow 1n the conductor, the field
lines wrap around the conductor perpendicular to that conductor and in the direction of the
person's fingers.

[0074] Some embodiments are primarily concerned with the magnetic field component that 1s
oriented perpendicular to the plane of the circuit breaker panel (along the "Z" axis) because
these are the field components that can be casily sensed by a magnetic field sensor (1.e.,
sensing device 110) outside the metal cover of circuit breaker panel 190.

[0075] As shown 1n FIG. 5, because power conductors 193 and 194 have a 180 degree phase
difference, at any moment in time, the direction of the magnetic field lines loop 1n opposite
directions.

[0076] Thus, according to Kirchhoff’s Current Law, the total current through a given feed
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conductor (1.c., power conductors 193, 194, and/or 195) 1s the sum of all of the load currents
drawn from that conductor. The magnitude of the magnetic ficld generated by each of the
conductors (1.c., power conductor 193, 194, or 195) is therefore directly proportional to the
sum of the currents drawn on all branch circuits connected to that conductor. The direction
of the magnetic field lines from a given conductor does not change as the currents on the
branches.

[0077] System 100 can be configured to sense the magnetic ficlds generated by at least power
conductors 193 and 194 1n order to address the three possible load cases: (a) 120 V load
between the 193-195 leg, (b) 120 V load between the 194-195 leg, and (¢) 240 V load
between 193-194 leg. In most cases 1t 18 not necessary to sense the magnetic field generated
by the power conductor 195 (1.¢., the neutral conductor) because any current drawn through
power conductor 195 1s either sourced by power conductor 193 or 194.

[0078] FIG. 6 1llustrates an example of electrical current sensor 211, according to the first
embodiment. In these examples, clectrical current sensor can include: (a) one or more
sensors 641 and 642; (b) one or more amplifiers 647 and 648; (¢) one or more filters 649 and
650; (d) one or more phase detectors 651; (¢) at least one differential amplifier 652; and (f) at
least one digitizer 653.

[0079] In some examples, system 100 can be configured to assist the user in the proper
placement of sensing device 110 by indicating the proper placement with user
communications module 214. In some examples, system 100 can determine proper
placement by detecting an approximately 180 degree phase difference between sensors 641
and 642 that are disposed on opposite sides of a conductor (1.¢., electrical power conductor
193 or 194). In the same or different examples, user communications module 214 can be co-
located with sensing device 110 or user communications module 214 can be used and can be
remote and linked to sensing device 100 over a wireless network.

[0080] Sensor 641 can 1include: (a) ferromagnetic core 643; and (b) a sensing coil 644
wrapped around ferromagnetic core 643. Sensor 642 can include: (a) ferromagnetic core 645;
and (b) a sensing coil 646 wrapped around ferromagnetic core 645. In various examples,
sensors 641 and 642 can be 2.5 millimeters (mm) to 12.7 mm 1n diameter. In other examples,
clectrical current sensor 211 only mcludes sensor 641 and does not include sensor 642,
amplifier 647, filter 649, phase detector 651, and/or differential amplified 652. In this
alternative embodiment, filter 649 or 650 1s coupled to digitizer 653. In further
embodiments, electrical current sensor 211 includes four, six, eight, or ten sensors.

[0081] The purpose of ferromagnetic cores 643 and 645 1s to concentrate the magnetic field

from sensing coils 644 and 646 to yield a larger sensor output voltage at the output terminals
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of sensing coils 644 and 646. The voltage at the output of sensing coils 644 and 646 1s given
by Faraday's law. That 1s, the voltage depends on the applied AC magnetic field, the physical
dimensions of the coil and wire, the number of turns of wire in the coil, and the magnetic
permeability of the core. In other examples, sensors 641 and 642 do not include the
ferromagnetic cores 643 and 645, respectively.

[0082] As shown 1n FIG. 7, when e¢lectrical current sensor 211 15 coupled to circuit breaker
pancl 190, onc of sensors 641 and 642 can be located on cach side of a conductor (1.c.,
clectrical power conductor 193 or 194). In this embodiment, the induced voltage on sensor
641 1s 180 degrees out of phase with sensor 642 because the magnetic field enters sensor 642
from the bottom while the magnetic field enters sensor 641 from the top.

[0083] A plot of the phase relationship between the voltage on sensors 641 and 642 1s shown
in FIG. 8. Referring to FIG. 8, when the AC current flowing in the conductor (1.¢., electrical
power conductor 193 or 194) induces a voltage V(sensor) at sensing coils 644 and 646. This
voltage, V(sensor) 1s proportional to the current, I(sensor) carried by the conductor (i.c.,
clectrical power conductor 193 or 194) 1.e., V(sensor) = k™ I(sensor). The constant of
proportionality, k, can be found by drawing a known current through the conductor by
temporarily connecting a calibration load (1.e., calibration load module 283 or 227 (FIG. 2))
to a circuit served by the conductor (1.e., electrical power conductor 193 or 194) and
measuring the voltage induced in sensors 641 and 642 (FIG. 6). In some cases, more than
on¢ known current may be drawn to establish a multi-point calibration of the constant of
proportionality.

[0084] Referring again to FIGs. 6, this configuration of two sensors (1.¢., sensors 641 and
642) can be exploited to yield a sensing device 110 that automatically communicates to a user
that 1t has been correctly placed with respect to a given current carrying conductor while
rejecting interference from other sources, including other nearby conductors. This ability 18
useful m the electrically noisy environment found 1n a circuit breaker panel where there are
many conductors near a particular conductor of interest.

[0085] Specifically, in some embodiment, the output of cach of sensors 641 and 642 can be
amplified using amplifiers 648 and 647, respectively and then filtered using filters 650 and
649, respectively. The output of filters 650 and 649 can be presented to phase detector 651
coupled to a phase indicator 619 1n user communications module 214 (e.g., one or more
LEDs). User communications module 214 1s configured to indicate to the user that sensors
641 and 642 have been correctly placed with respect to a given current carrying conductor.
The user can be 1nstructed to move the sensor across the region where the main electrical

power conductors are to be found, and stop movement once the phase indicator indicates that
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the phase difference between signals of sensors 641 and 642 1s approximately 180 degrees.
For example, when signals from sensors 641 and 642 are approximately 180 degrees out of
phase, a green LED could light-up on the top of sensing device 110.

[0086] Amplifiers 648 and 647 and filters 650 and 649 are optional 1n some examples. The
purpose of amplifiers 648 and 647 and filters 650 and 649 are to increase the signal level
while rejecting noise at undesired frequencies and thus to increase the signal to noise ratio of
the signals of sensors 641 and 642 1n noisy environments. Amplifiers 648 and 647 can be
operational amplifiers such as the type TLO82 manufactured by Texas Instruments, Inc.
Filters 650 and 649 can be either lumped element passive filters or active filters implemented
with operational amplifiers. In general filters 650 and 649 are bandpass filters configured to
pass the AC line frequency (e.g., 60 Hz 1 the US and Canada, or 50 Hz in Europe and Japan)
while rejecting out of band noise.

[0087] Phase detector 651 can be either an analog phase detector circuit or a digital phase
detector. A digital phase detector can be implemented with combinational logic, with
programmable logic, or 1n software on a controller. In one embodiment, an integrated phase
detector circuit such as the phase detector contained 1n the type 4046 or 74HC4046 phase
locked loop integrated controllers manufactured by Texas Instruments, Inc. can be employed.
In another embodiment, phase detector 651 1s implemented by digitizing the sensor signals
with an analog to digital converter, and then fitting an arctangent function to the vector of
recerved samples from sensors 641 and 642. In a further embodiment, the filtering and phase
detection functions are combined by using a periodogram based maximum likelihood
estimator such as a complex fast Fourier transform (FFT) algorithm to find the signal
magnitude and phase angle at only the AC line frequency while rejecting noise at other
frequencies.

[0088] Phase indicator 619 can be any device that indicates to a user that the desired phase
relationship between input signals of sensors 641 and 642 has been reached. In some
embodiments, the phase indicator can be one or more LEDs. In other embodiments, phase
indicator 619 can be a graphical or numerical display such as a liquid crystal display (LCD),
or an audio tone that indicates to the user that the voltages of sensors 641 and 642 are nearly
180 degrees out of phase.

[0089] Differential amplifier 652 can be used to combine the signals from sensors 641 and
642 to yield a voltage or current signal proportional to current in the main electrical power
conductor once the correct phase relationship has been established. This signal can be used
as an 1nput for calculations performed by controller 213. In the same or different example,

communications module 215 can be used to convey to computational unit data including: (a)
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the proper placement of sensors 641 and 642 as indicated by the sensor phase relationship as
well as (b) the differentially sensed signal from sensors 641 and 642.

[0090] Turning to another embodiment, FIG. 9 illustrates an example of sensing device 910,
according to a second embodiment. FIG. 10 1llustrates an example of sensing device 910
over clectrical power conductors 193 and 194, according to the second embodiment. In this
example, a linecar array of sensors 941;, 941,, ..., 941x can be used where N 18 a number
between 2 and 10. In other examples, N can be other numbers such as 4, 6, &, 20, 50, or 100.
One purpose of this linear array of sensors 1s to allow controller 213 to select automatically
on¢ or more pairs of sensors 941, 941,, ..., 941y so the user does not have to manually place
sensing device 910 1n the correct placement. In some embodiments, sensing device 910 can
be used 1nstead of sensing device 110 1n system 100 of FIG. 1.

[0091] Referring to FIGs. 9 and 10, 1n this example, sensing device 910 can includes: (a)
sensors 9414, 941,, ..., 941y; (b) amplifiers 647 and 648; (c) filters 649 and 650; (d) phase
detectors 651; (¢) differential amplifier 652; (f) digitizer 653; and (g) at least one multiplexer
955 and 956.

[0092] As shown 1n FIG. 10, the lincar array of sensors 941,, 941,, ..., 941y 1s coupled to
multiplexers 955 and 956, which selects at least one sensor from sensors 9414, 941,, ..., 941y
for use as a magnetic field sensor to yield a signal proportional to current in main ¢lectrical
power conductors 193 and/or 194.

[0093] In another embodiment, more than one conductor of ¢lectrical power conductors 193
and 194 are simultancously sensed by sensing device 910. In this embodiment, controller
213 controls multiplexers 955 and 956 such that two distinct sensors from sensors 941, 941,,
..., 941y are seclected that are adjacent to two different current carrying power conductors 193
and 194. In this embodiment, controller 213 controls multiplexers to select sensors based on
the amplitude or phase angle of the sensor signal. In some embodiments, multiple sensor
from sensors 9414, 941,, ..., 941y arc multiplexed under control of controller 213 to select
distinct sensors, cach of which having preferential magnetic field coupling to a distinct
current carrying conductor.

[0094] Referring again to FIG. 1, system 100 can use calibration in some examples to
achieve accurate current measurement 1n electrical power conductors 193 and 194. The
potential need for calibration can be due to poorly controlled installation geometry, for
example, when sensing device 110 or 910 (FIG. 9) 1s 1nstalled by an untrained user.

[0095] FIG. 11 1illustrates an example of calibration device 180, according to the first
embodiment. Calibration device 180 1s shown 1n FIG. 11 as a single circuit calibration

device that 1s configured to switch a single calibration load to a single incoming conductor
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(1.c., clectrical power conductor 193 or 194) to complete a circuit between a the imncoming
conductor, the single calibration load, and the neutral or return conductor (1.c., electrical
power conductor 195). The switching signal 1s used to temporarily complete the circuit with
the calibration load, which 1s used by calibration method 1800 of FIG. 18.

[0096] In some examples, calibration load module 283 can include: (a) a switched load 1103;
(b) a transformer 1171; (¢) a filter 1172; (d) a level translator 1173; and (¢) a squaring device
1174. Switched load 1105 can include: (a) a switch 1187 and (b) a calibration load 1188S.
Controller 285 can include: (a) an analog-to-digital converter 1177; (b) a digital input 1176;
and (c¢) a temperature sensor 1186.

[0097] In the embodiment of FIG. 11, calibration load module 283 can be designed to
calibrate the measurement of a single current carrying conductor (a feeder to the branch
circuit) being measured by sensing device 110. In this embodiment, a single calibration load
1188 1s switched by switch 1187 between the line conductor (e.g., main electrical power
conductors 193 and 194) and the necutral conductor (e.g., main electrical power conductor
195) under the control of a switching signal from a controller 285. In the United States,
switched load 1105 can be used with a 120 V outlet. In other countries, switched load 1105
can be used with 240 V and other voltage outlets.

[0098] It should be appreciated that while calibration load 1188 and the calibration loads in
FIGs. 14-17 are drawn as a resistor, calibration load 1188 and other calibration loads in FIGs.
14-17 can be any load including a reactive load, such as an inductor or capacitor, with or
without a resistive component. Additionally, the calibration load can be a load with a variable
resistance. Furthermore, 1t should be appreciated that while switch 1187 and other switches
in FIGs. 14-17 are drawn as mechanical relay switches, the switches can be other forms of
switching devices. For example, the switches can be a semiconductor switches such as a
solid state relays, triacs, transistors such as a FETs (filed-effect transistors), SCRs (silicon-
controller rectifiers), BJTs (bipolar junction transistors), or IGBTs (insulated-gate bipolar
transistors), or other controllable switching devices.

[0099] As shown 1n FIG. 11, communications module 281 1s coupled to controller 285 to
cnable the transfer of calibrated current measurements from calibration device 180 to
computational unit 120. In some examples, communications module 281 can include a
recerver and transmitter.  Communications module 281 can include any form of wired or
wireless communication device operating at any frequency and with any data link protocol.
In one embodiment, communications module 281 includes a 2.4 GHz transceiver part number
CC2500, available from Texas Instruments, Inc. In another embodiment, communications

module 281 1ncludes a 900 MHz transceiver, part number CC2010, available from Texas
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Instruments, Inc. In some embodiments, communications module 281 can communicate
using any of the following communication protocols: WiF1 (IEEE 802.11), Zigbee (IEEE
802.15.4), ZWave, or the SimpliciTI protocol. In another embodiment, a proprictary data
communication protocol 1s employed. In further embodiment, the communication link
between communications module 215 and communications modules 281 and/or 221 1s
achieved through the monitored conductor. In this embodiment, the communication link 1s
comprised of power line communication (PLC) formed by injecting a transmitted signal into
at least one conductor of the branch circuit to which the calibration device 1s coupled.

[00100] In the example shown 1n FIG. 11, power source 289 can include a Power source
289. Power source 289 can include an 1solation transformer and a DC power supply. Power
source 289 converts the incoming line voltage from an AC power line voltage, such as 120 V
in the US and Canada, or 220 V 1n Europe, to a low DC voltage such as 3.3 Vor 5 V DC to
power controller 213 and other elements of calibration device 180.

[00101] Controller 285 can receive a sample of the incoming AC power line voltage,
converted by level translator 1173 to a lower voltage AC signal that 1s proportional to the
incoming AC power line voltage. In some embodiments, the incoming AC power line
voltage 1s 120 V AC while the lower voltage AC signal 1s within the range of 0 to 3.3 V. In
some embodiments, level translator 1173 1s employed to shift the low voltage signal from a
bipolar signal that alternates between +V and -V to a unipolar signal between 0 V and VDD,
or another unipolar signal range that 1s within the valid voltage range of analog-to-digital
converter 1177. Analog-to-digital converter 1177 can sample the incoming low voltage
signal as shown in FIG. 12. In the same or different embodiments, filter 1172 can restrict the
frequency range of the low voltage signal to the AC line frequency.

[00102] In many examples, analog-to-digital converter 1177 can be integrated with
controller 285, or 1t may be separate from controller 213 but coupled to controller 285. The
sampled AC line voltage enables controller 213 to measure the mcoming AC line voltage to
calibrate more accurately system 100 by calculating the current drawn by calibration load
1188 given the sampled low voltage signal, which 1s proportional to the AC line voltage.
Furthermore, the sampled low voltage signal may be used to develop a phase reference that 1s
synchronous to the AC line voltage.

[00103] In some embodiments, controller 285 uses a squared low voltage signal to develop
a phase reference. In these embodiments, squaring device 1174 creates the square low
voltage signal. The squared low voltage signal can be a square wave that has the same period
and zero crossing timing as the low voltage AC signal. This relationship between the squared

signal and the low voltage signal 1s shown in FIG. 13. In some embodiment, squaring device



CA 02804106 2012-12-28

WO 2012/003492 PCT/US2011/042873
18

1174 can include a Schmitt trigger, a comparator, or a digital logic gate such as an inverter or
a transistor level shifter. The square wave amplitude 1s chosen to be a logic level that 1s
compatible with controller 285. The squared signal does not contain information about the
amplitude of the incoming AC line voltage but 1t does contain phase information because the
positive and negative-going edges of the squared signal are synchronous to the zero crossings
of the incoming AC line voltage.

[00104] In some embodiments, the phase reference derived from either the low voltage
signal or 1ts squared counterpart 1S used to measure the relative phase angle between the
calibrated current measurement reported by sensing device 110 and the incoming power line
voltage. This relative phase angle measurement between voltage and current 1s used to
account accurately for the power factor of reactive loads connected to the power conductor
that 1s measured by sensing device 110. The power factor 1s the cosine of the phase angle
between the voltage and current waveforms. This power factor can be computed directly
from a sampled low voltage signal, or it may be indirectly computed in the case of the
squared low voltage signal by fitting a sinusoid of the proper frequency to the edge
transitions in the squared signal.

[00105] The power factor 1s the ratio of the real power flowing 1n the conductor compared
to the apparent power flowing 1n the conductor. In some embodiments, 1t 18 preferential to
report to the user of system 100 the real power flowing 1n electrical power conductors 193,
194, and 195 to better approximate the reading of a utility-supplied clectrical power meter.
In these embodiments, the phase information provided by the low voltage signal is critical to
compute properly the predicted power.

[00106] Because the calibration load 1188 dissipates current when 1t 18 switched on using
switch 1187, calibration load 1188 1s subject to heating. This heating can endanger the safe
operation of calibration load 1188 by causing thermal damage to calibration load 1188 1tself,
or to other components within the housing of calibration device 180, or to pecople or things
that are proximate to calibration device 180.

[00107] In some embodiments, controller 285 includes a temperature sensor 1186 such as a
bimetallic thermostat, a thermistor, or a semiconductor temperature sensor. In some
embodiments, temperature sensor 1186 interrupts the switching signal to turn off calibration
load 1188 when calibration load 1188 or the housing of calibration device 180 1s too hot.
[00108] In further embodiments, controller 285 checks temperature reading of temperature
sensor 1186 prior to turning on calibration load 1188 to ensure that calibration load 1188 or
the housing of calibration device 180 1s not too hot at the beginning of the calibration

process. In still further embodiments, controller 285 can performs an extrapolation to
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determine 1f calibration load 1188 1s likely to become too hot after a typical period of
operation of calibration load 1188. In this embodiment, controller 285 acts to defer the
calibration process until the process can be completed without calibration load 1188 or the
housing of calibration device 180 becoming too hot.

[00109] In some embodiments, there are two different control mechanisms by which a
controller controls the switching signal to switch 1187. The two methods correspond to two
different processor locations that run the calibration process to obtain a calibrated current
measurement.

[00110] In a first method, controller 285 1s co-located with and controls calibration load
module 283. Controller 285 also can obtain sensor readings from sensing device 110 (via
communications module 281) and controller 213. Controller 285 performs the calibration
process (described below in reference to FIG. 18) and obtains the calibrated current
measurement. In these examples, calibration calculation module 229 can be located 1n
calibration device 180, and not computational unit 120.

[00111] In the first method where controller 285 runs the calibration process,
communications module 281 receives incoming signal measurements from sensing device
110 and/or computational unit 120. Controller 285 can calculate the calibrated current
measurements using method 2000 of FIG. 20. After calculating the calibrated current
measurements, calibration device 180 can communicate the calibrated current measurements
to computational unit 120 for display and other uses.

[00112] In a second method, a remote processor, such controller 225 (FIG. 2) or controller
213 (FIG. 2), commands calibration load 1188 to switch on and off and this controller
(controller 225 or controller 213) performs the calibration method 1800 of FIG. 18 and
obtains the calibrated current measurement as described in method 2000 of FIG. 20.

[00113] When the second method 1s being used with controller 225 in control of the
calibration, controller 225 receives a message via a communication link from controller 2835.
In some embodiments, controller 225 sends a message to turn on the calibration load for a
specified period of time. In some embodiments, this period of time 1s selected from one or
more predetermined periods of time. In other embodiments, calibration load 1188 1s turned
on until a turn-off message 1s received by controller 285 or until the expiration of a time-out
timer or the activation of temperature sensor 1186 indicating that calibration load 1188 or 1ts
housing 1s too hot.

[00114] In further embodiments, controller 285 independently makes a decision to turn on
the calibration load for a particular period of time. In some examples, controller 2835

switches calibration load 1188 on and off for a particular period of time, while
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contemporancously, previously, or at a later time sending a notification to controller 225
indicating that calibration load 1188 has been switched on. In this embodiment, controller
213 uses a known time offset between the messages received from controller 285 to
synchronize the flow of the calibration procedure to calibration load 1188 on/off times
indicated by a message received from controller 285 via a communication link. In further
examples, controller 285 switches calibration load 1188 on and off in a sequence that 1s
known to controller 213 and/or 225 (FIG. 2).

[00115] FIG. 11 1llustrates one example of switched load 1105 1n calibration device 180.
Other possible configurations of the switched load are shown in FIGs. 14-17.

[00116] Specifically, FIG. 14 illustrates an example of switched load 1405, according to a
third embodiment. Switched load 1405 can include: (a) switches 1187 and 1442; and (b)
calibration loads 1188 and 1441. In this embodiment, switched load 1405 replaces switched
load 11035 1n calibration device 180 of FIGs. 2 and 11.

[00117] In this embodiment, switched load 1405 can be configured to calibrate the
measurement of a single current carrying conductor (a feeder to the branch circuit labeled
"Line") being measured by sensing device 110. In this embodiment, controller 285 can
switch between calibration loads 1188 and 1441 to provide two different sets of measurement
to use 1n the calibration process. In other examples, switched load 1405 can include three or
more switch of three or more calibration loads.

[00118] FIG. 15 1illustrates an example of switched load 1505, according to a fourth
embodiment. Switched load 1505 can include: (a) switches 1587 and 1542; and (b)
calibration loads 1588 and 1541. In this embodiment, switched load 1505 replaces switched
load 1105 1n calibration device 180 of FIGs. 2 and 11.

[00119] In this embodiment, switched load 1505 can be designed to calibrate the
measurement of two current carrying conductor (a feeder to the branch circuit labeled "Line
1" and "Line 2") being measured by sensing device 110. In this embodiment, two distinct
calibration loads 1588 and 1541 can be switched between individual line co<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>