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(57) Abréegée/Abstract:

Determining the number of loads associated with each phase Iin a three-phase electric power system. The loads can be associated
with the consumption of electric power at a node, such as a metering device located at a facllity. In one implementation, a central
device that Is connected to such nodes via a smart grid and a radio frequency mesh network can be leveraged to determine a
phase In real time. For example, the central device can include a processor that executes one or more computer program modules
which can cause a load tap changer having access to a distribution feeder in the smart grid to vary a voltage level supplied across
each phase of the power system. Additionally, the central device can communicate with nodes in the mesh network to cause the
nodes to perform voltage measurements and collect information related to such measurements.
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(57) Abstract: Determining the number of loads associated
with each phase in a three-phase electric power system. The
loads can be associated with the consumption of electric
power at a node, such as a metering device located at a facil-
ity. In one implementation, a central device that 1s connected
to such nodes via a smart grid and a radio frequency mesh
network can be leveraged to determine a phase m real time.
For example, the central device can mclude a processor that
executes one or more computer program modules which can
cause a load tap changer having access to a distribution feed -
er mn the smart grid to vary a voltage level supplied across
cach phase of the power system. Additionally, the central
device can communicate with nodes in the mesh network to
cause the nodes to perform voltage measurements and collect
information related to such measurements.
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METHODS AND SYSTEMS FOR DETERMINING AN
ASSOCIATION BETWEEN NODES AND PHASES VIA A SMART GRID
TRCHMICAL FIKLD
(00011 This invention relates generally to electric power systems and more speciﬁcaily 0 a
software module that communicates with a load tap changer, or similar voltage regulating
device, and selected nodes in a mesh network to collect and analyze information for correcting

load imbalances in three-phase power systems.

BACKGROUNKD
{00021 Three-phase power systems are widely used to provide electric power 10 COUSUMErs.
Efficient operation of such systems requires that loads are properly balanced across each phase.
Unfortanately, load imbalances can be a common occurrence. V arious systems such as power
line carrier or power line communication systems offer an integraied solution 10 resolving such
imbalances in part by leveraging the distribution feeder network 1o collect and analyze phase-
related information, real-time, in a centralized location. Power line carrier systems, however,
represent only one medium for correcting imbalances. Other systems that leverage existing
network connectivity between centralized locations and devices capable of obtaiming phase-

pelated information that can be used 1o correct load imbalances are also desirable.

SUMMARY
00031 Various aspects of the present invention relate to determining an association between
nodes in a mesh network and electric power phases. In one aspect, a load tap changer can be
instructed to apply an initial voltage level to the first electric power phase, the second electric
power phase, and the third electric power phase. The initial voliage level is applied for an imtial
period. The load tap changer can also be instructed to apply a first volttage to the first electric
power phase and to apply a second voltage to the second electric power phase and the third
electric power phase for a first period. A plurality of nodes in a mesh network can be insiructed
to perform a plurality of voltage measurements during the first period. Information related to
the plurality of voltage measurements taken during the first period can be received from nodes

in the mesh network. The information can be processed to determine which nodes are
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agsociated with the first eleciric power phase. Similar steps can be performed to determine

which nodes are associated with a second and third electric power phase.

00041 In another aspect, an initial voltage for an nitial period can be received. A lirst voltage
for a first period, a second voltage for second period, and a third voltage for a third period can
also be received. A plurality of measurements can be taken during the first pericd, the second
period, and the third period. The voltage measurements during two of the f{irst, second, and
~ third periods are similar and the received voltage during the remaining period is dissimilar.
Receiving the vohages and taking the voltage measurements occur at nodes within a mesh

network.

(00031 These illustrative examples are mentioned not to limit or define the disclosure, but to
provide examples to aid understanding thereof. Additional examples and further description are

provided in the Detatled Description.

BRIEF DESCRIPTION OF THE FIGURES
[0006] These and other features, aspects, and advantages of the present disclosure are better
understood when the following Detatled Description is read with reference o the accompanying

drawings, where:

Figure 1 depicts an exemplary environment for determining an association between nodes

and electric power phases.

Figure 2 illustrates an eleciric power system in which nodes of a mesh network are

distributed along eleciric power phases carried by a distribution feeder.

Figure 3 is a flowchart illustrating a computer-implemented method for determining an

association between nodes and electric power phases.

Figure 4 is flowchart Hlusirating an exemplary process for establishing and measuring

voltages in the environment of Figure 1.

Figure Sa depicts voltage levels applied to each of the electric power phases during

VArious periods.

Figure 5b depicts voltage measurements taken by various nodes based on the voliage

applied to the electric power phases indicated m Figure Sa.



CA 02840896 2014-01-02
WO 2013/006273 PCT/US2012/043311

Figure 6 depicis an exemplary computer-implemented method for processing information
related to voltage measurements to determine an association between nodes and electric power

phases.

DETAILED DESCRIPTION

[0007] Aspects of the present invention relate to determining the number of loads associated

with each phase in a three-phase electric power system. The loads can be associated with the
copsumption of electric power at a node, such as a metering device locaied at a facility. In one
aspect, a central device that is connected to such nodes via a smart grid and a radio frequency
mesh network can be leveraged io determine a phase in real time, For example, the central
device can include a processor that executes one Or MOote computer program modules which can
cause a load tap changer having access to a distribution feeder in the smart grid to vary a voltage

level supplied across each phase of the power system. Additionally, the ceniral device can

communicate with nodes in the mesh network to cause the nodes fo perform voltage

measurements and to collect information related to such measurements.

100081 According to one implementation, the central device controls a recursive process in
which voltage levels are varied depending on phase and voltages are measured. For example,
the central device can cause the load tap changer to set the voltage across each phase to an
initial level for an initial period. After the initial period has expired, the central device can
cause the load tap changer to increase the voltage level applied to a first phase of the power
system, e.g., Phiase A, by a certain amount, while causing the load tap changer to decrease the
voltage level applied to Phase B and Phase C, by a certain amount. The voliage levels can
remain in effect for a particular period, duripg which time the nodes measure a first set of
voltage measuremenis. A second and third set of voltage measurements can be measured by
repeating the above steps. For instance, the second set of voliage measurements can be
measured in conjunction with an increase in voltage level applied to a second phase, ¢.g., Phase
B. and a decrease in voltage level applied to Phase A and Phase €. The third set of voltage
measurements can be measured in conjunction with an increase in voltage level applied to &

third phase, e.g., Phase C, and a decrease in voltage level applied to Phase A and Phase 8.

00091 According to some examples, after the first, second, and third set of voltage

measurements are reccived at the central device, information related to the voltage
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measurements can be analyzed to determine an association hetween nodes and phases, such as
‘an indication of the number of loads associated with a particular phase or the phase associated
with each node. The information can be used to make other determinations in other aspects of
the invention. Nodes can be configured to measure voltages, optionally store the measured
voltages, and send the information related to the measured voltages (o the central device. The
information can be sent at various times, €.2., batch or real-time as each measurement is taken,
according to various implementations. The information can be routed to the central device via

one or more nodes in the mesh network.

(00101 As used herein, the term “device” refers to any computing or other electronic equipment
that executes instructions and includes any type of processor-based equipment that operates an
operating system or otherwise executes instructions. A device will typically include a processor
that executes program instructions and may include external or internal components such as a
mouse, a CD-ROM, DVD, a keyboard, a display, or other input or cutput equipment. Exampies
of devices are personal computers, digital assistants, personal digital assistants, cellular phones,
mobile phones, smart phones, pagers, digital tablets, laptop computers, Internet appliances,

other processor-based devices, and television viewing devices.

100111 The central device 10 is used as a special purpose computing device to provide specific
functionality offered by its applications. In embodiments herein, it acts as a “central” location
or hub for receiving information from various nodes in the mesh network 15, as well as a central

command center for initializing and controlling the features described herein.

100121 As used herein, a “node” refers to a device that can measure voltages at a facility, such
as a house, apartment unit or other place of dwelling, or other type of end point that may rely
upon electric power.  The node can imclude hardware and software that configures i t©
conununicate with like nodes and/or other devices via mediums to which it has connectivity,
such as a smart grid or a mesh network. In one implementation, the node i1s a meter that
measures the consumption of electric nower at a facility. Thus, a node can represent the “load”

at any given time at a ceriain location along a distribution feeder in a power system.

10013] As used herein, a “load tap changer” refers to a device that can regulate voltage
originating from a power source, such as a substation. The voltage levels can be regulated on a

per phase basis.
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100141 Claims that follow recite a “computer-readable medium.” A compuier-readable
medium may comprise, but is not limited to, an electronic, optical, magnetic, or other storage
device capable of providing a processor with computer-readable instructions. Other examples
comprise, but are not limited to, a floppy disk, (ﬁi?{}aROMﬁ DV, magnetic disk, memory chip,
ROM, RAM, an ASIC, a configured processor, optical storage, magnetic tape or other magnetic
storage, flash memory, or any other medium from which a computer processor can read
instructions. The instructions may comprise processor-specific instructions generated by a

compiler and/or an interpreter from code written in any suitable computer-pro gramuung

language, including, for example, C, C++, C#, Visual Basic, Java, Python, Perl, JavaScupt, and

ActionScript.

100151 Figure 1 depicts an exemplary environment for implementing systems described herein.
The environment shown in Figure 1 comprises a wired or wireless network 5 1o which a central
device 10 and a load tap changer 40 are connected. 1he network 5 can comprise the internet.
Alternatively, other networks, intranets, or combinations of networks may be used such that
devices connected to the network S may communicate with each other. (ther environments do
not involve a network and may, for example, rely upon a single device or on devices that are
direcily connected to one another, e.g., the central device 10 may be directly connected to the
foad tap changer 40. Other alternative networks, computer devices, and electronic device

configurations are also possibie.

[0016] The environment in Figure 1 may also contain a network 15, In one implementation,
the network 15 is a wireless mesh network comprising multiple nodes that can communicate
with one another to route information to the central device 10. Similarly, the nodes in the mesh
network 15 may also route messages from the central device 10 to other nodes in the mesh
network 15. Figure 2 depicts individual nodes 206a-n in the mesh network 15, Additionally,
the nodes in the mesh network 15 can be associated with one of multiple phases 107 (Phase A},
108 (Phase B), and 109 (Phase C) of an electric power distnibution system comprising
distribution feeder 45, as illusirated in Figure 1. Thus, a node according to aspects herein can
function within a mesh network 15 and a distribution feeder 45 of an electric power distribution

sy siem.

=y
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(00171 The central device 10 shown in F igure 1 can include a processor 11 for executing
computer instructions embodied in the load identification application 30 and an mput/output
“device 17 connected to the processor 11 via a bus 16. Users can use a display 18 and one or
more user interface devices 19, such as a mouse and keyboard, to interact with the ceniral
device 10. A memory 12 can include the load identification application 30, which can mchude
various computer program modules, such as a load tap changer interface 31, a node selector 32,

an information collector 33, and a phase analysis and determination module 34.

(00181 Each of these modules can be implemented as individual modules that provide specitic
functionality of the load identification application 30. For example, the load tap changer
interface 31 can cause the load tap changer 40 to vary the voltage level applied to each phase
carried by the distribution feeder 45. The node selector 32 can implement various algorithms
that can be used to select certain nodes for performing voltage measurements. An information
collector 33 can receive and parse information related to the voltage measurements that are
received from one or more nodes in the mesh network 15 which route the information from the
nodes that performed the voliage measurements to the ceniral device 10. The phase analysis
- and determination module 34 can process the information to determine an association between

nodes and phases.

00191 In some implementations, at least some of the above program maodules can be located
on devices other than the central device 10. For example, the phase analysis and determuination
module 34 can be exccuted by a processor on a device that is connected to the device 10 via the
network 5 or via the network 15, In other implementations, the program modules can
communicate with one or more other program modules, on the device 10 or on another device,
to provide specific functionality for determining an association between nodes and phases. In
these implementations, determining a phase association may represent only one function or
feature within a broader software application that provides mumerous other additional functions
or features. In other implementations, the functionality provided by the various program

modules can be implemented in a singie module.

0007 Fioure 2 illustrates a distribution feeder 45 that carries power from power source 207 {0
. >

nodes 206a-n which can be located at a facility. The load tap changer 40 can regulate the
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voltage level received from the power source 202 to control the voliage level present at the

nodes 206a-n.

100211 Figure 2 also illustrates a relationship between the mesh network 15 and the phases 107,
108, and 109 carried by distribution feeder 45. Such a relationship exists by way of nodes 206a-
n which are common to the mesh network 15 and to power distribution feeder 45. Figure 2

ilustrates four nodes (206a-d) comected to 107 (Phase A}, two nodes (206e-{) connected to {08

(Phase B), and eight nodes (206g-n) connected {0 109 (Phase (). Although only fourteen nodes
are shown, fewer or more nodes may exist. The dotted cloud 15 represents the mesh network
and illustrates that the nodes 206a-n also have a relationship with one another in the mesh

network 13,

100221 In some systems, a node can include the phase analysis and determination module 34.
According to these systems, the node can access the stored voltage measurements from a local
memory, or another external memory accessible by the node, and determine the phase with
which the node is associated. The node can send the results to the central device 10 instead of

the central device 10 performing the phase analysis and determination to obtain the results.

[0023] Figure 3 is a flowchart of an exemplary phase determination method.  Phase
determination begins at step 304 where certain of the nodes 206a-n on the distribution feeder 45
are selected to participate in the phase determination by performing voltage measurements and
sending information related to the voltage measurements to the central device | 0. In some
implementations, various algorithms can be implemented to select certain nodes. For example,
nodes can be selected based on their location. Locations that are experiencing rapid growth may
be more prone to load imbalances than more stable locations and therefore nodes associated
with those locations may be desirable candidates. As another examnple, nodes that are associated
with a facility that is experiencing trouble or inefficient operation may also be desirabie
candidates. Nodes in proximty to troublied nodes may also be selected according to some
algorithms. In other implementations, all nodes located on one or multiple distribution feeders
can be selected. Various other algorithms and/or logic can utilize metrics or data associated

with various other conditions to determine which nodes will be selected.

T0024] At step 306, the voltage applied to 107 (Phase A}, 108 (Phase B), and 109 (Phase ) can

be set to an initial voliage level and held at that level until the system achieves a steady state. in
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one example, steady state is achieved by applying the initial voltage for an initial period
sufficient to allow voltage to pmﬁagaﬁe throughout the nodes, e.g., thirty minutes. The load tap
changer interface 31 can use a predetermined value for the imtial period or can determine the
value based on certain data, e.g., historical periods stored in a memory or database accessible by
the load tap changer interface 31. In some examples, the load tap changer interface 31 can

receive input or an instruction specifying the period.

00251 In other examples, the load tap changer interface 31 can determine whether the voltage
~ has propagated throughout the nodes. For example, the load tap cuanger interface 31 can cause
the candidate nodes to measure voliage on demand and send the measured voltages real time 10
the central device 10. The measured voltages can be compared to the steady state voltage level
" such that measured voltages that are equal to or within an acceptable ran ge of the steady state
yoltage level can be considered to have received the initial voliage. In some iraplementations,
the central device 10 may conclude that the initial voltage has been propagated throughout the
nodes after a predefined percentage of the nodes have measured a voltage equal to or within an
“acceptable range of the steady state voltage. Relying on a perceniage can cffectively exclude

from the determination any nodes that may be experiencing trouble.

100261 Certain other implementations can rely on known location data for each node. For
example, the load tap changer interface 31 can cause nodes that are at the farthest points away

from the load tap changer 40 to measure voltages. The initial voltage can be considered fully

propagated throughout the nodes when such nodes indicate that they measured a voltage equal
to or within an acceptable range of the initial voltage. Similar techniques can be used to venily
that additional voltage levels applied to each of the phases, e.g., 2.0 volis above steady state

voltage and 1.0 volts below steady state voltage, have been propagated throughout the naodes.

(00271 Voltages can be measured at step 308. Figure 4 1llustrates an exemplary process for
measuring voltages. At step 404, the voltage applied to Phase A 1s set to a first voltage, and the
voliage applied to Phase B and Phase C is set to a second voltage. In one cxample, the voitage
applied to Phase A is 2 volts higher than the initial voltage level, whereas the voltage apphed to
Phase B and Phase C is 1 volt lower than the initial voltage level. Phase B may receive a

voltage that is different from that received by Phase C in some implementations,
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00281 The amount of voltage increase and decrease may be different in Some
implementations, so long as the voltage level 18 within acceptable tolerances, i.e., between 114
volts and 126 volts. Thus, a voltage differential of 3 volis {(+2 volt increase and a -1 volt

decrease) can be used. Other voltage differentials can also be used.

(00291 The selected nodes can begin measuring voltage at step 410, In one system, the
voltages can be measured for a first period. The first period can be the same as or ditterent from
the imitial period used at step 306. Similar to the initial period, certamn data may %e evaluated to
determine the duration of the first period or, alternatively, the duration of the first pericd can be
communicated to the node. Measurements can be taken over the first period at certain inlervals
of time. For example, nodes can measure voltages once a minute, in one implementation, the
nodes are programmed to record voltage measurements at a predefined time interval. In other
implementations, the nodes can receive a time interval from the central device 1. Thus,
according to these implernentations, the central device 10 can effectively control the number of
measurements taken by each node, 1@ requesting that a node measure voltage every minute for

thirty minutes to arrive at a {otal of thirty measurements,

{0030 Information related to the voltage measurements can be optionally stored by the nodes
at step 412, Storing the information at the nodes can be particularly useful when information for
multiple measurements is sent to the central device 10 1n a singie message of when the nodes
include the phase analysis and determination module. The voltage measurements can be sent to
the central device 10 at a determined or scheduled time or based on network aclivity. rox
example, iaformation can be sent at a time during which the load on the mesh network 15 is
relatively low, i.e., relatively few messages are being routed. In some implementations, voltage
‘measurements may not be stored, particularly in those systems where voltage measurements are

senit in real time, e.g., after cach voltage measurement is performed, to the central device 19,

100311 The process determines whether the end of the first period has been reached at step 414,
If 50, then the first set of voltage measurements have been effectively completed at reference
416. Processing can resume at step 406 where Phase B is set to a first voltage (e.g., the same
first voltage applied to Phase A in step 404) and Phase A and Phase C are set to a second
voltage (e.g., the same second voltage applied to Phase B and Phase C 1n step 404). Steps 410

and 412 are repeated until a second period, which can be the same as or different from the first
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period and/or initial period, expires at step 414. If the end of the second per‘iod has been
reached, the second set of voltage measurements have been effectively completed at reference
418. Steps 410 and 412 are repeated after processing resumes at step 408, where a first voltage
is applied to Phase C {(e.g., the same first voltage applied to Phase A in siep 404 and 1o Phase B
in step 406) and a second voliage is applied to Phase A aud to Phase B (e.g., the same second
voltage that was applied to Phase B and to Phase C in step 404 and to Phase A and Phase € i
step 406). The third set of voltage measurerments are effectively completed at reference 420
after a third period has expired at decision step 414. Voltage measurements can also be taken
during the initial period according to some implementations to, for example, venly that the

steady state voltage is achieved by the conclusion of the initial pernod.

100321 In some implementations, the first period, the secound itaeriodﬁ and the thard period are
equivalent, They may also be different in other implementations. Dotted line 402a, solid hne
402b, and bold line 402¢ of Figure 4 join the respective steps performed for cach of the voitage

settings applied at steps 404, 406, and 408, respectively.

[0033] Figure Sa and Figure Sb work in conjunction with one another to ilustrate an
exernplary voltage collection process. Both figures itlustrate several periods over winch voltage
measurements are collected: steady state 305, first period 510, second period 513, and third
peric}d 520. Fach of the periods can occur at different times. Yor exam?ﬁte, steady state 505
represents the initialization period from 0 minutes to 30 minutes; first period 510 ranges trom 30
minutes to 60 minutes; second period 515 ranges from 60 minutes to 90 minutes; and third

period 520 ranges from 90 minutes to 120 minutes.

00341 Ags previously discussed, the periods may be different, e.g., more or less than 3¢
minutes, Additionally, each period may begin at a particular time offset. The first period 510,
for example, can range from 40 minutes to 60 minutes, Le., starting ten nunutes after steady
state 505 has ended. Such a time offset may be required in some implementations to allow the
new voltage level to propagate throughout the nodes. The load tap changer mnterface 31 can
apply a fixed or variable time offset between each phase, in one example. For the sake of
simplicity, the time ranges in Figure 5a and Figure 5b do not reflect a time offset (1.e., first

period 510 begins at the end of steady state period 503).
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00351 Each of the periods in Figure 5a illustrates a phase of the distribution feeder that s
varied by a certain voltage amount (e.2., +2.0 volts or -1.0 volis) with respect {0 the steady staie
voltage level. For example, Phase A is increased by 2 volis above the steady state voltage and
Phase B and Phase C are decreased by 1 volt below the steady state voltage for the first period
510: Phase B is increased by 2 volts above the steady state voltage and Phase A and Phase U are
decreased by 1 volt below the steady staie voltage for the second period; and Phase € 18
increased by 2 volts above the steady state voltage and Phase A and Phase B are decreased by |

volt below the steady state voltage for the third period.

(0036] As illustrated in Figure 5b, the first period 510, second period 515, and third period 520
each contain time intervals at which voltage measurements are performed by Node 1, Node 2,
and Node 3. For example, voltage measurements 510d, 510e, and 510f can correspond 1o
voltage measurements taken by Node 1 at times 510a, 5100, and S10c¢, respectively, during the
first period 510. Voltage measurements 510g, 510h, and 510i can correspond to voltage
measurements taken by Node 2 at times 515a, 515b, and 515¢. When, for example, Phase A 18
decreased by 1 volt below the steady state voltage for the second period 515 (as shown in Figure
5a), Node 1 will perform new voltage measurements 515d, 315¢, and 5151 that correspond to
fime intervals 515a, 515h, and 515c¢, respectively. Voliage measurement values may also
change for Node 2 and Node 3 as indicated in Figure 3b in response to the voltage level

changing as illustrated in Figure Sa.

100371 Returning to Figure 3, the process resumes af step 310 where information related to the
voltage measurements is received. In one implementation, the information 1s received after all
measurements have been received for the first period 510, the second period 515, and the third
period 520, as shown in Figures 5a and 5h. In another implementation, the mformation can be
received at the conclusion of each period. In vet another implementation, the information may

be received real-time, e.¢., after each measurement is taken by a node.

00381 Examples of the information received include the measured voltage values, an identifier
associated with the node that performed the voltage measurement, the time, either absolute or
relative, at which the node measured the voltage. The identitier can be a sireet address, device

serial number, or otherwise any identifier that can associate the node with a facility or physical
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location where the measurement was performed. Various other data can be mcluded m the

information, at least some of the data being unmiquely associated with the voltage measurements.

00391 The information related to the voltage measurements cau be processed to determine an
association between nodes and phases at step 312, Figure 6, in conjunction with Figures 5a and
b, illustrates exemplary steps for processing the information. At step 604, the miormation can
be parsed such that voltage measurements and related information pertaining to a particular
node are grouped together. The information within each node group can be further identified by
the time at which the voltage measurements were performed. The information can be stored at

step 606 and a calculation can be performed at step 608,

100401 Hypothetical voltage measurements performed by three nodes (Node 1, Node 2, and
MNode 3) in Figure 5b will now be considered for the purpose of illustrating an exempiary
calculation at step 608. While only three nodes are identified in the hypothetical, many more
nodes may exist. During the first period 510, Node 1 measured 2.1 volts above the steady state
voltage (510d) at 40-minute mark 510a, 1.9 volts above the steady state voltage (510¢) at 5U-
minute mark 510b, and 2.0 volts above the steady state voltage (S101) at 60-munute mark 510¢.
In one example, each of the measurements can be averaged to arrive at a representative
measurement of 2.0 volis above steady state for the first period 510. As illustrated in Figure 5b,
the voltage measurements performed during a particular period may be at least slightly ditferent.
Thus, in one example, measurements can be averaged to smooth out any inconsistencies in
voltage measurements, which could be due to external factors (e.g., distance from subsiation and
temperature) which may make it more difficult for the load tap changer 40 to maintain voltage
levels. In addition to an average, other mathematical functions can be performed to represent
the multiple measurements taken by Node 1. In other examples, the voltage measurements can
be expressed as a range. In the example above, Node 1’s voltage measurements can be
expressed as a range of 1.9 volts to 2.1 volis, which can alse be used to provide an association

between Node 1 and a phase.

00417 A representative voltage measurement or range can be compared 10 an acceptable range
or tolerance level for each phase to determine an association between the voltage measurement
and a particular phase. In one example, an acceptable range can be +/- 2% of the voltage level

that is applied to a phase. For example, if a voltage of 122 volts is applied to Phase A, voitage
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measurements within a range of 119.6 and 124.4 (ie., +/- 2% of 122 volts) can be associated
with Phase A. Similar comparisons can be performed between voltage measurements and Phase

B and Phase C.

(00421 A difference between each of Node 1s voltage measurements and the steady state
voltage can be calculated to provide an association between Node 1 and a phase, such as to
which phase Node 1 belongs. For example, a difference equal to ot within acceptable range of
2.0 volts can indicate that Node 1 is located on Phase A because the load tap changer 40
provided a voltage of 2.0 volts above the steady state voltage across 107 (Phase A} of
distribution feeder 45. Thus, Node 1’s measurement of 2.0 volts above steady state 18 reflective
of its measuring the increased voltage of 2.0 volts applied to Phase A. Contrarily, a difference
between Node 2 and Node 3’s voltage measurements and the steady state voltage during period

510 indicates that Node 2 and Node 3 are not located on Phase A,

{0043} During the first period 510, Node 2 and Node 3 measured voltages equal o or
j}m‘ximity of 1.0 volts below the steady state voltage, which indicates that Node 2 and Node 3
are both on either Phase B or Phase C. In particular, Node 2 and Node 3 measured 1.1 volits
below the steady state voltage (510g and 518f) at 40-minute mark 510a, .9 volts below the
steady state voltage (510h and 510k} at 50-minute mark 510b, and 1.0 volts below the steady

state voltage {5101 and 5101) at 60-minute mark S10c,

00441 A similar calenlation of Node 2°s measurements for the second period 513 indicates that
Node 2 is located on Phase B because ifs voltage measurements are equal to or within an
accepiable ramge of the 2.0 volts above the steady state voltage to which Phase B was set for the
second period 515, For example, during the second period 515, Node 2 measured 2.1 volits
ahove the steady state voltage (515g) at 70-minute mark 5152, 1.9 voits above the steady state
voltage (51Sh) at 80-minute mark 515h, and 2.0 volts above the steady staie voltage (5151} at
 90-minute mark 515¢. Node 1 and Node 3’s measurements during second peried 315 mdicate
that they are not on Phase B during this period. Particularly, during the second period 515,
Node 1 and Node 3 measured 1.1 volts below the steady state voltage (515d and 515j) at 7{-
mimute mark 515a, .9 volts below the steady state voltage (510e and 31 Gk} at &0-minute mark

515h, and 1.0 volts below steady state voltage value (515f and 5151} at 90-minute mark 315¢.

13



CA 02840896 2014-01-02
WO 2013/006273 PCT/US2012/043311

(00451 Similar analysis for the third period 520 provides an indication that Node 3 is located on
Phase C. During the third period, Node 3 measured voltages equal to or within an acceptabie
range of 2.0 volts above the steady state voliage to which Phase C was set for the third penod
520. For example, during the third phase 520, Node 3 measured 2.1 volis above steady state
voltage value (S204) at 100-mmnute mark 5203, 1.9 volts above the steady state voltage (520k). at
1 10-minute mark 520b, and 2.0 volts above the steady state voltage (5201) at 120-minute mark
520c. Node 1 and Node 2°s measurements during third period 520 indicate that they are not on
Phase C during this period. Particularly, &ming the third period 520, Node 1 and Node 2
measured 1.1 volis below steady state voltage value {5204 and 520g) at 100-minute mark 5208,
9 volts below steady state voltage value (520¢ and 520h) at 110-minute mark 520b, and ’L()

volts below steady state voltage value 320f and 5201 at 120-mimute mark 520¢.

[0046] According to some examples, the measurements and calculations need not be performed
{for the third period because, of the nodes that were selected to perform voltage measurements,
the nodes that do not have an association with Phase A or Phase B can be associated with Phase
C. Put another way, after an association has been determined for any two of the three phases, 1o
further measurement and calculation may be required to determine an association between the
remaining nodes and the reroaining third phase, according to some examples. Because each of
them is the only remaining nodes or phase, they necessarily can be associated with each other.
Some implementations may nevertheless perform measurements during the third phase to, for
example, identify nodes that may not be properly associated with any of the phases. Such nodes
can have measurements that are not within the accepiable range of any of the phases.
Information related to these nodes may be analyzed to determine whether froubleshooting or
dispatch, for cxample, may be required to correct any issues that may exist at the facility

associated with the nodes.

{00471 Many other modifications, features and embodiments of the present invention will
become evident to those of skill in the art. Accordingly, it should be understood that the
foregoing relates only to certain aspecis or implementations of the invention, which are
presented by way of example rather than limitation. Numerous changes may be made o the
examples described herein without departing from the spirit and scope of the invention as

defined by the following claims.
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What is claimed is:

1. A method comprising:

instructing a load tap changer to apply an initial voltage level to a first electric
power phase, a second electric power phase, and a third electric power phase, wherein the

inttial voltage level is applied for an initial period;

instructing the load tap changer to apply a first voltage to the first electric power
phase and to apply a second voltage to the second electric power phase and the third electric

power phase for a first period, wherein the first voltage is distinct from the second voltage;

selecting a plurality of nodes in a mesh network based on a territory in which the
nodes are located and at least one of (i) a determination that the territory is experiencing
rapid growth in demand for electrical power as compared to an additional territory or that
the territory 1s more likely to experience load imbalances as compared to the additional
territory and (11) a determination that a power delivery facility in the territory is exhibiting

behavior indicative of a malfunction or inefficiency;

instructing the selected plurality of nodes to perform a plurality of voltage

measurements during the first period;

receiving, via the mesh network, from the nodes, information related to the voltage

measurements taken during the first period; and

processing the mformation related to the voltage measurements taken during the

first period to determine which nodes are associated with the first electric power phase.

2. The method of claim 1 further comprising:

instructing the load tap changer to apply the first voltage to the second phase and

to apply the second voltage to the first phase and the third phase for a second period;

instructing the nodes in the mesh network to perform a plurality of voltage

measurements during the second period;

receiving, via the mesh network, from the nodes, information related to voltage

measurements taken during the second period; and
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processing the information related to the voltage measurements taken during the
second period to determine which nodes are associated with the second electric power

phase.

3. The method of claim 1 further comprising:

instructing the load tap changer to apply the first voltage to the third phase and to
apply the second voltage to the first phase and the second phase for a third period;

instructing the nodes in the mesh network to perform a plurality of voltage

measurements during the third period;

receiving, via the mesh network, from the nodes, information related to voltage

measurements taken during the third period; and

processing the information related to the voltage measurements taken during the

third period to determine which nodes are associated with the third electric power phase.

4. The method of claim 1, wherein for each of the nodes, the information
related to the voltage measurements comprises an identifier associated with the node and a

time stamp associated with at least one voltage measurement.

5. The method of claim 1 wherein at least one of the nodes sends the

information related to the voltage measurements it performed to another node in the mesh

network separately from sending information related to the consumption of electric power

it measured.

6. The method of claim 1 wherein the processing comprises calculating a
difference between the initial voltage level and the plurality of voltage measurements

performed during the first period.

7. A non-transitory computer readable medium embodying computer logic

that when executed on a processor performs the operations comprising:
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instructing a load tap changer to apply an initial voltage level to a first electric
power phase, a second electric power phase, and a third electric power phase, wherein the

initial voltage level 1s applied for an initial period;

instructing the load tap changer to apply a first voltage to the first electric power
phase and to apply a second voltage to the second electric power phase and the third electric

power phase for a first period, wherein the first voltage is distinct from the second voltage;

selecting a plurality of nodes in a mesh network based on a territory in which the
nodes are located and at least one of (i) a determination that the territory is experiencing
rapid growth in demand for electrical power as compared to an additional territory or that
the territory 1s more likely to experience load imbalances as compared to the additional
territory and (11) a determination that a power delivery facility in the territory is exhibiting

behavior indicative of a malfunction or inefficiency;

instructing the selected plurality of nodes to perform a plurality of voltage

measurements during the first period;

receiving, via the mesh network, from the nodes, information related to the voltage

measurements taken during the first period; and

processing the information related to the voltage measurements taken during the

first period to determine which nodes are associated with the first electric power phase.

8. The computer readable medium of claim 7 further comprising:

instructing the load tap changer to apply the first voltage to the second phase and

to apply the second voltage to the first phase and the third phase for a second period;

instructing the nodes in the mesh network to perform a plurality of voltage

measurements during a second period;

rece1ving, via the mesh network, from the nodes, information related to voltage

measurements taken during the second period; and

processing the mformation related to the voltage measurements taken during the

second period to determine which nodes are associated with the second electric power

phase.
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9. The computer readable medium of claim 7 further comprising:

instructing the load tap changer to apply the first voltage to the third phase and to
apply the second voltage to the first phase and the second phase for a third period:

instructing the nodes in the mesh network to perform a plurality of voltage

measurements during the third period;

recerving, via the mesh network, from the nodes, information related to voltage

measurements taken during the third period; and

processing the information related to the voltage measurements taken during the

third period to determine which nodes are associated with the third electric power phase.

10.  The computer readable medium of claim 7 wherein for each of the nodes,
the information related to the voltage measurements comprises an identifier associated with

the node and a time stamp associated with at least one voltage measurement.

11.  The computer readable medium of claim 7 wherein at least one of the nodes
sends the information related to the voltage measurements it performed to another node in
the mesh network separately from sending information related to the consumption of

electric power it measured.

12. The computer readable medium of claim 7 wherein the processing
comprises calculating a difference between the initial voltage level and the plurality of

voltage measurements performed during the first period.
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