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INFERRING FEEDER AND PHASE POWERING A TRANSMITTER

CROSS REFERENCE TO RELATED APPLICATIONS

{0001 This application clatms the benetit of U.S. provisional patent application No.
61/834 573, filed June 13, 2013, the disclosure of which is incorporated herein by reforence in its

entiraty.
FIELD OF THE INVENTION

{0002} The present invention 1s directed towand the use of signals on the electnical distribution
grid o infor the feeder and phase powering an on~gnd transmitter, and specifically for
wdentifving the path of clectrieity flow from a substation to & metored load point or other
monitored point.

SUMMARY

j00031  Electrical Distribution Substations contain one or more Substation Transformers,
which step down the voltage from high trapsmission Hoe leveds (tvpically 130KV to 700KV to
the mediam voltage Iovels {typically from 4kV to abowt 33kV, although higher voltages are
possible) at which power is distribated to consumers within a distribution service arca. At the
edge of the Distribution Grid are a number of Service Transformers, which transform the
medim voltage of the distribution gnd 1o the low voltages (i the US, typieally 120, 208, 2440,
277, or 480) required for comsmercial, industrial, and residential convamers. Other voltages in
addition to some of these can be used elsewhere in the world. Each Service Transformer powers
one or more metered loads. A metored load can be a dwelling, a commercial or industnial
butlding, an clement of numicipal infrastructure such as a series of street lamps. agricultural
apparatus such as irrigation systems, or any other metered construct which can draw power from

the distrbution grid, or combinations of these.

{0004} The power grid s generally considered o be composed of two logical regions, the
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Transmission Goidi(s) and the Distribution Grid(s). The Transmission Goid oniginates at large
gencration pouds such as hyvdroclectric dams, nuclear reactors, wind farms, and coal-fired or gas-
fired power plants. Power from the generation point is trapsmitted as high-voltage alternating
current {AC) over a loosely connected network of long, high-veltage lines to poinds where
demand for power exists, such as factories, farms, and popuolation centers. At the edges of the
Transmission Grid there ix a collection of Distribution Substations. Distribution Substations
contain one or more Substation Transformers, which step down the voltage from high
transmission hine levels (tvpteally 130kV to 700kV) to the medium voltage levels {typically from
4KV to gbout 33KV, although higher voltages are possible) at which power is distributed to
consumers within a distribution service arca. At the edge of the Distnibution Grid are a number
of Service Transformers, which transform the medinm voltage of the distribution gnd to the low
voltages (in the US, tvpically 120V, 208V, 240V, 277V, or 450V, Other voltages in addition {o
soane of these can be used elsewhere i the world, o some cases, a tier of one or more
transformers, called stepdows transformers, lving schomatically between the Substation
Transformers and the Service Transformers, create intermediate voltage reductions botween the
Substation and the Service Transformers. Each Service Transformer powers one or more metered
loads. A load can be a dwelling, a commercial or industrial building. an clement of municipal

infrastructure such as a serics of sireet lamps, or agrceltural apparatus such as irnigation sy

A tvpical distribution grid inchades other clements used to balance and regulate the flow of
power. Examples of such elements are capacitor banks, voltage regulators, switches, and

reclosers. Figure 10 iflustrates a typical segment of the power grid.

{031 Distribution gaids have been designed and deploved in a varniety of topological
configurations. In the United States, distribution gnid types are typically charactenzed as radial,
loop, or networked. Other emerging cases are the campus grid and the micrognd. Additional

topologies, not described, are used slsewhere 1 the world,

j0006)  Figure 11ais atopological schematic of a tvpical radial grid. In a radial gnd, a
substation has one or more substation transformers. Each substation transformer has one or more
substation busses. One or more three-phase feeders "radiate” outward from each substation bus,
with single-phase, double-phase. or three-phase lateral fines branching oft from the feeders, and
tap-off pomnts {for sumply "taps”) m tarm, branching from the laterals. Radial grids are inexpensive

to design and build because they are simple, but they are most velnerable to outages becanse
2
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they typically lack redundant power paths, so that any break causes at keast one load 1o lose

penwer,

[00GTT  Tigare 1 is adopological schematic of a typical loop distribution gnd. In a loop gnd,
cach end of select feeders is attached o a power source sach as a bus of a substation transformer.
I the loop s undamaged, then power is avatlable at all loads if cither substation transformer iz
operational. I there is a break n the loop. then power is available at all loads assunuang that both
transformers are operational. In nommal circomstances, a system of switches 1s used to ensure that

oty one substation transformer af a tme 1s delivening power to cach segment of the grid.

{00081 Figure Lic is a topological schematic of a typical networked grid. This topology has
maximum redendancy. In addition to employing nudtiple power sources, all the service
transformers are linked to one another on the secondary side in a mesh arrangement. Muluple
breaks in connectivity are requived to cause a power outage at any pownt. Networked grids are
most expensive 10 build and maintain, and are typicallv used 1 major arban arcas such ag

Manhattan or Washington, DC where high-valae, high cnticality loads are concentrated together.

{00091 Figure [1d shows a micrognd or campus network. Microgrids are not traditional
clectrical distribution technology, but are smorging as & sesponse 1o imereased focus on energy
conservation and on distributed generation of encrgy from rencwable sources. Many variations
are possible. This tepe of grid is typically attached to, but severable from, a wider distribution
grid, and may contain i#s own power sowrces such as windmills, solar panels, or rechargeable

storage batteries as wall as loads. The entire network may emplov fow-voltage Hnes.

{00101 A distribution substation receives bigh-voltage power from the fransmission gnd nto
ong or more large power transformers. A distribution transformer may incorpovate a type of
regulator called a load<tap changer, which alters the voltage the transformer delivers (o a power
distribution bus {the substation bus) by including or excluding some tums of the secondary
winding circuit of the transfonmer, thereby changing the ratio of input fo output voltage. One or
moss feeders dopend from the substation bus. Iftoo many feeders are required, additional

transformers and busses are used,

[00111  In order to monttor and control the components of the gnd, current transformers {CTs)
or other corrent sensors such as Hall-effect sensors are attached to power-beaning conductors

within the substation. The C'Ts output a low current on a looped conductor which 13 accurately

3
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proportionat {o the current delivered at the high voltage conductor betng monttored. These low-
current outputs are suitable for connecting to data acquisition subsvsterns associated with
Supervisory Control and Data Acquisttion (SCADA) systoms in the substation. Primary
monitoring CTs are designed and built wnto the substation, because changing or adding CTs to
the high-voltage components 18 impossible or dangeroas while cursent is flowing. On the other
hand, additional C'ts mav be safely added to the low-current SCADA loops as needed without

npacting power delivery.

{00121 In addition to the power luws themselves, the distribution grid containns numerous other
devices mtended to vegulate, isolate, stabilize, and divent the flow of power. These devices
imchude switches, reclosers, capacitor banks {asually for power factor correction), and secondary
voltage regulators. All these devices affect the behavior of the distribution grid when considered
as a data-bearing network, as do the various loads and secondary power sources on the gnd.
Devices that have abrupt state changes will introduce impulse noise on the grid, as can loads
tareing on and ofl. Soswe devices, such ag transtormers and capacttor banks, filter and attenuvate
signals at certain frequencies. Other than the wires copnacting a consumer load and the
assoctated meter (o a service transformer, the service trapsformer 1s typically the outermost
clement of the distribution gnd before the power is actually dehivered to a consumer. A meter 18
typecally attached at the point where the power from the service transformer s delivered to the

conswmer. Service transformers can be three~phase, or sinrgle phase, as can meters.

{0133 Tradionally, reading meters was one of the largest operational costs inawrred by
clectrical etilities. Originally, electrie meters were analog deviees with an optical read-out that
had to be manually examined monthly to drive the utifity iHling process. Begummng i the 19705,
mechanisms for digitizing meter data and automating s collection began w be deployed. These
mechanisms evolved from walk-by or drive-by svstems where the meter would broadceast 1ts
current reading asing a short-range radio signal, which was recerved by a device carried by the
meter reader. These early systems were known as Automated Meter Reading systenss or AMRs.
Later, a variety of purpose-built data collection networks, commonty employving a combination
of short-range RF repeaters 1 a mesh configuration with collection points equpped with

broadband backhaul means for transporting agpregated readings began 1o be deploved.

{0014}  These networks were capable of two-way commanication between the "metering head-

4
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end" at 2 viility service conter amd the maters at the edge of this data collection network. and are
generally called an Advanced Metering {nfrastrecture or AMI AMis can collect and store
readings frequently, typically as often as every 15 minutes, and can report them neady that often.
They can read any meter on demand provided that this featuwre is used sparingly, and can connect
or disconnest any meter on demand as well, AME meters can pass signals o consumer devices
for the pwrpose of energy conservation, demand manzgement, and variable-rate billing. Boeause
the AMI network 15 separate from the power distribution grid except for the fntersection at the
meters, AMI meters are neither aware of nor sensitive to changes i the grid topelogy or cortatn
conditions on the gnd. Nonetheless, the introduction of AMI is ofien the first step in the dircction

of a true Smart Grnid wmplementation.

{00131 AMInctworks generally do not have all the capabilities requared to support Smart Grid
applications over and above micter reading and demand managerent. Sygraficantly, the AMI
network usually does not use the elecinical grid as a transmission medium. It monitors only the
meterad load points, and hence does not detect electrical changes and conditions elsewhere on
the distribution grid. Farther, data-carrying capacity from the edge to the centrad concentrators is

typically adequate for meter data and little move.

{0016}  Sophisticated Smart Grid applications for encrgy conservation, asset protection, non-
technical loss detection, toad balancing, fauit isolation, and recovery management require
accurate information about the schematie relationshup of gnd assets, load and conditions on the
several segments of the grid, and the cament state of bi-modal and multi-naodal assets. This
information, together with the geospatial locations of the same assets, 18 called a grid map and i3
typically stored in a database. In general, AMI networks do not have the seasor mechanisms,
monitoring capability, or the bandwidth o provide these types of mformation, with the result that

present-day grid map databases are seldom updated in real tume.

{00171 Unlities typically maintain two maps ot models of the distribution grid. A Physical
Newwork Model (PNM) aggregates the geospatial location of the assets on the gnd. PNMs,
thanks to modern GPS technology, are reasonably accarate with respect to point assets such as
substations, capacitor banks, transformers, and even mdividual meters, although the accuracy of
thus information tepically diminishes the further out on the distnibation grid the assets are

located, or dimmnishes mversely as a fanction of the value of the asset, or dinunishes directly as a

(W]
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function of the frequency a given asset i1s accessed. Inacceracies stem from fadlure to update the
maps when repairs or changes are made, and includes both intentional and unintentional changes.
For example, a service transtormer may move front one side of a street to the other as 8 result of
street widening. Such a move may additionally result in a changs i the partitioning of metered

foads among the service transformers 1ty an arca.

{00187 Longitadinal asscts, especially baded cables, are loss well represented in the PNM. The
PNM can contain as-destgned data regarding the location of the longitudinal assets, but since n
many places the cable was laid before global positionintg technology had matured. the designs
were based on ground-level survey, and the onginal maps may or may not have been updated to
reflect changes. Therefore, the location from the as-designed data may be naccurate, and
subsequent surface changes complicate the problem of venfving the geographic path taken by

medium-voltage and low-voltage distribution lures.

{00191 The second model is the Logical Network Model, or INM. LNMes describe bow gnd
components are comnected, without reference to their geospatial location. The LNM changes
frequently. During the course of repairs, the way transformers attach to taps and laterals, and the
way meters attach to transformers, may be altered. Sach changes may affect both the LNM and
the PNM. In many otilities, such mientional changes are recorded manually by ficld agents. The
manual reports may or may not be vpdated in the LNM and PNM. and when updates are made
the e ag between maintenance oceurring and its being recorded could be sigmficant. The
problent is exacerbated by anmtentional changes wplemented austomatically by automated bt

non-monitored switching elements and devices such as reclosers.

{00201 The fundamental problem of grid schematic mapping therefore involves determining

what substation, bus, feeder, and phase powers a particular meter or other moniforing point.

{00211 While the aforementioned issues are themselves complex, the wiring at the poviphery
of the electrical distrbution grid (1.¢., the winng from the service transformer to av electrical
meter or meters) signtficantly adds to the difficulty of effecting gnid schematic mapping. This
wiring can have a radial topoloyy, as is conunon in the US, or it can have a linear or "bus”
topology, as is more conunon in Burope. Elsewhere in the world one can find both radial and
bas topologies. In locales where transformers are mounted on poles and tap Lines are above
grownd, one might think this wiring would be obvious. However, in those locales, it s very gasy

6
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alter an cutage caused by a storm, a traffic accident, or scheduled construction, for repairs to be
made in such a way as to change the transformer to which a meter is attached. {n dense
neighborboods it is not always apparent bow bundled and criss-crossing power lines connect

baildings to transformers, expectally when multiple fransformers are attached to one pole.

{00221 In cases where transtormers are pad-mownted or underground, and taps
underground, the constraction may pre-date goid mapping,. o that case, the only data that may be
avalable are schematic designs made by survev. In general, no reliable vecord exists of whether

this wiring was built strictly according to specification, or what has been the effect of subsequent

modifications.

{00231 Practical bonefits of having accurate distribution circuit maps include, but are not
timited to, reductions in fosses in the gnd, load and phase balancing, reduced outage time,
wnproved reliability, improved safety, asset protection, trend determination, and theft detection.
H would be desirable to have a svstem that can provide real-time or near-real-time information

that allows stilities to accurately deternune distribution schematic information,

{00247 US Patent Application No. 13/871,944, titled “A Svstem and Method for Inferring
Schomatic and Topelagical Propertios of an Elcctrical Distribution Grid” and incorporated hercin
by reference it ifs entirety, teaches an on-grid transmitter which may transmit a Probe
Transmission consisting of a sequence of pure tones of different frequencies or one or more
sequential groups of a combivation of two or more pure tones transmittted stmultancoasly. The
transmission 15 made by injecting cursant onto a low-voltage power Hine at an clectrical meter or
ather low-voltage access point. The application further teaches an on-grid receiver located at an
electrical distmbution substation or other medium-voltage access point, the recaver being
configured to monitor all three phases of one or more mediem voltage feedevs. The receiver
continuously digitizes and records the signal on all monstored power lines, sampling the reeorded
signal attempting to recognize a probe transmission. Because of the physical charactenistios of
the electneal grid, a Probe Transmmssion which was imected on exactly one phase of one feeder
may be detected and recognized on one or more of the monitored power lines. The receiver
knows a priort the phase of cach monitored line and the schematic wdentity of the feeder to wihich
it belongs. The receiver also knows the frequency, grouping, and duration of the tones in a Probe

Transmussion. The transauter is not aware of its feeder-phase identity. One task of the receiver

7
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1s for infer the phase and feeder on which the transnutter mjected the Probe Transnussion,
regardiess of the number of monitored lines on which the transouission was recognized.

{00251 1Fa Probe Transmission 1s detected on only one monstored line, then that Hoe may be
assumed to refloct the feeder and phase of the transmitter. However, if a Probe transmission is
detected on more than one monitored hine, then it cannot be assumed that the lnes reflect the
feeder and phase of the transmatter. Therefore, # would be desirable to be able to determine

foeder and phase of a Probe Transmission in more than one monitored line.
BRIEF DESCRIPTION OF THE DRAWINGS
{0026} The accompanving drawings, winch are incorporated i and form past of the

specification, tHustrate embodintents of the invention and, together with the description, serve to

explain the principles of the mvention. o the drawings:
{00271 Fugure 11s a view of ap exemplary structure of a single on-gnid transpussion.
{0028)  Figure 2 s a view of another excmplary structure of g single on-grid transnussion.

{00291 Figure 3 is a graph (not to scale) of a snapshot of the AC wavetorms on a distribution

grid at a sebstaton. The power fimdamental and its odd harmonics are highlighted.

{00307 Figure 4 1s an excemplary view of a check on the voting process and shows a probe

transnussion beginning on the phase-specific zero crossing pomt of power fundantental.

{0031} Figure 3 is a graph depicting the difficulty of inferning the gnd location of a low-
voltage transformer by detecting the signal injected by the transmitter at a substation. The graph
shown in Figure 3 was created by mpjecting a low-voltage signal on one phase of one feeder of an

cleotrical distribution substation having a fotal of five focders.
{00321 Figure 6 1s another exemplary method of applyving a voting method.

{00331 Figere 7 s an exampie of a tone group providing idle frequencies while another tone

group is being transmitted.

{00341 Figoe 8 1s another example of a tone group providing idie frequencics while another

tone group is being transmitted.

{00351 TFigure 918 a view of vet another exemplary stractare of a single on-gnd transmission.

5
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{361 Figure 10 s a simplified dlustration of the power path from a gencration point to 2
distribution substation to a consumer, showing the high voltage, redium voltage, and low
voltage regions of the distribution gnd and depicting some of the major features of an electrical

distribution gnd.

{00371 Figure g is a stmplificd fragment of a radial-architecture distribution gnd showing

the lack of cveles in the god topology.

{00381 Figure 11bis a simplified fragment of a looped-architecture distnibution gnid depicting
two substations cach able to debver power to the service transformer dehvering low-voltage
power to the growp of residences shown. The substation at left is currently powering the

sestdential group.

{00391 Figure e is a simplified fragment of a networked architecture distribution grid. The
four feeders shown could originate at a single substation {tvpical) or at maltiple substations. The
rectangular grid connects service transtormers poer-to-peer on the low voltage side so that all

Feeders deliver power to the loads below the substations concurrently.

{0040]  Figare 11d 1s an exemplary simplified fragmoent of a campus network. A three -phase
transfornt powsrs & 480 volt bus from which depend a namber three-phase laterals which rua
through the campus powering individual clectrical outlets. Adding low-voltage generation points
to the bus and providing means to isolate the bus from the distnibation Hoe converts the campus

network iito a seif sufficient microgrid.

DETAILED DESCRIPTION OF THE INVENTION

{00411 In the following detailed description, refercnce 1s made to the accompanying drawings,
which form a part hereotf, and in which 15 shown by way of illustration specific exemplary
embodiments of the invention. These embodunents are deserntbed in sufficient detail to enable
those of ordinary skall 1y the art to make and use the invention, and 1t is fo be anderstood that
structural, logical, or other changes may be made to the specific embodiments disclosed without

departing from the spirit and scope of the present mvention,

{00421 The present invention discloses 8 method of infemng a feeder and phase of a

9
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transmitter when a Probe Transmission is defected on bwo or more monitored lings,

{00431 Figure S tHlustrates the difficully of informing the gnd location of a low-voltage
transformer by detecting the signal jected by the transputer &t a substation. The graph shown
m Frgure 3 was created by injecting a fow-voltage signal on one phase of one feeder of an
cloctrical distribution substation having a totad of five feeders. The signal was a "sweep,”
mcreasing continuousiv in frequency from I KHz to 4 KHx. A recetver at the substation
monitored all filicen power lines {three phases cach of five foeders) to record the Received
Signal Strength (RSSH of the sweep frequencies. Data set 502 represents the RSSH of the sweep
on the feeder-phase of the transmatter. Data sets 303 represent the RSSs of the sweep as
received on all fourteen of the other feeder-phase lines at the substation. The sweep was
detectable on all fifteen lines. Although described with respect fo a sweep, the tyvention is not so
fimited. This phenomenon s called crosstalk or crossover. As expected, the signal on the Hine of
mjection was stronger than the other signal over most of the frequency band of interest 501,
Note, however, that the signal strength of the crossover recetved signals does not diminish
smoothly as frequency incrcases, and that af sone frequencices the crossover signals are actually
stronger than the signal on the line of mjection. Repeated measurements show that the amphified
frequencies do not remain consistent on the same distaibution gnd over time, nor s the behavior
of every digtribution grid the sanwe. Thas, identifving the line of injection when # i3 not known

becomes a non-trivial problem.

{00441 Figures | and 2 ustrate two examples of a number of possible patterns {as disclosed
i ULS. Application No. 13/871,944) of an on-grid transesission in a gnd-location aware
{("GLAT) network. Figure 1 shows an exemplary data-bearing transmission. comprising a
preamble 102, a probe transmission 103, and a data segment 104, The message 1s preceded and
followed by taung geard bands 101 and 105, vespectively, in which not only does this en~-gnd
transmuiter refrain from fransmitting, but in which, in a preferred approach, no on-grid
transmitter powered by the same substation or substations is permitted to transmit. The probe
transmission 103 is, 1 an approach, the GLA portion of the transmussion. Figare 2 shows an
excmplary on-grid transmission that wncludes a probe transmission 203 made only for the
purpose of inferring the grid location of the transmitter. In the structure of Figure 2, the probe
transnaussion 203 is. i an approach, the GLA portion of the transmission. Similarby. one or more

idle sampling periods sach as 201,202, 204, and 2035 may precede and follow the GLA portion of
10
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the transmission.  Altheagh only two on-grid transsussions are shown, the invention 13 not so

fimited and there can be many different on-grid transmissions applied to carrv-out the trvention.

{00451 To infer the grid location of a transmiticr, a receiver located at a substation or other
junction point on the distribution prid. monitors all phases of at least one feeder whercon
knowing the grid location of the transmitters is roquired. In a preforred approach, a transmiiter is
a speetal or general parpose computer having at feast a processor and a computer readable
memory. A transmitier also inclades appropriate cirantry for transomtting signals and 2 recaiver
includes appropriate circuitry for recetving signals. A transsutter 13 typieally an End-Point
transsmtter. in a preforred approach, a recerver or sensor 1s a special or general purpose
compater having at least a processor and a computer readable memory. A recerver is typcally a
substation recetver. 1 is preferable but not required that all feeders of a particular substation
transformer ars monttored. The recetver digitizes and records the waveforns on cach momtored
power line (i.e, a phase of a feeder), recording both transmissions and 1dle periods. In an
excmplary situation where a transmission like the stractare of Figure 1 1s applied, the recetver
records sections 101, 102, 103, 104, and 103, although other approaches to recording the
transamssion cap be apphied. In an exemplary sitvation where a transpussion like the structure of
Figure 2 15 applied, the recerver might record sections 201, 202, 203, 204, and 205, In an
approach, the recetver records continuously, In another approach, the receiver reeords using
policy mformation at its disposal to record ondy around intervals where transmissions are
expected.

{00461 In one embodiment of the invention, the recetver samples each line as it records,
attemipting o recognize a Preambie 102 or a Probe Transmission {103, 203). When a
transmussion 15 vecognized by means of a Preamble or a Probe Transnussion being identified,
recording contimues at feast antil sufficient idle ume has been collected. The recetver then
extracts significant frequency/ampliteds samples from the recording and conducts a “voting”
process as tollows. The significant frequencies are called tone frequencies, because cach such
frequency s transentted as a pare tone in the Probe Trassnussion. The amplitede (or RSSH) at

sach tone frequency reffects the energy of the recerved signal.
{00471 In an exenmplary voting process when a Figure 2 structwre is being transmitted:
{00481 1. Each section of the recording {e.g. 201,202,203,204,203) i3 processad {o

11
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deternune the energy at cach tone frequeney that is scen n cach section. The number and

duration of idle samples that may be recorded is vanable; there s at least one.

{00491 2. Torcach tone frequency, an average of the encrgy of the 1dle samples 18

subtracted from the energy in the Probe Transmission 203

{00307 3. The magnitude of the energy at each frequency is compared across all monitored

feeder-phase lines.

{00511 4 The monitored line (feeder-pbase) with the most tone frequencies with the

maximem cnergy 1s termed the device’s grd location.

{0052} 3. In the case of a tie in the number of maximum energy levels, the sum of the
magnitides of the energy seen at the frequencies which were highest on cach tied line is
computed. Recall that the number of addends will be the same for cach tied line, because that is
the definition of a tie. The lne with the highest summed energy is then detenmined to be the

device's grid location.

{00331 1n a preferred approach, data-bearing sections of the transnission, such as preamble
102 and data 104, are not inchuded in the measurement, because in these sections, energy may be
wjected by the transmitier, but not in a consistent or predictable way. Hence, these sections are
fess uscful for determining the "background” energy of the line. Note also that tone frequencics

are selected so as to avoid the harmonics of the power fundamental.

{00541 In a preferred approach, it a transmitter is capable of always beginning to transmit at
the zero-crossing of the power fundamental at the point of transmission, then a check on the
method described above is possible.

~

005351 Figure 3 tlustrates both the characteristies of the low end of the frequency spectram on
a feeder-phase hine of a typical distnbaetion grid. Important characteristios of the spectrum arc the
30Hz or 60Hz power fandamental 301, its hamontes 302, and the notse floor 303, It should be
noted that from time to tme a sprke of impulse noise may exceed the usual noise floor, The
defined channe! or channels for modidated signals transmitted by an Edge Transauntter occapy
broad candidate spectrim lyving between the 30 or 60 Hz power fundamental and the low-pass
threshold of the service transmitters on the host power gnid. The eandidate spectrum for a

particular substation 1s deternuned by measwrement and st by policy and subject to regdatory

12
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constraints. Measurements determine which band or bands of the candidate spectnum are reliably
recetved at cach substation transtormer. I a usable band is wider than the bandwidth needed for
a reliable transmission, then the channel band may be defined to be vanable. In such cases, the
Remote Hub conducts measurements, deseribed herein below, priorto transoutiing to determine
at present conditions which part of the wider channel is currently most favorable for transmitting.
Conversely, at a Receiver located at a substation, the preamble detector sareples the entire wide
usable band, determining the actual band used by the transnutter based on where the preamble
was deteetad. The location of a receiver can provide significant infornration about the circaitry

providing the power flow,

{00561 Refer to Figore 4, which shows an exemplary check on a voting process, and mclodes
probe transmission 401 begining on the phase-specific zero crossing point 402 of power
fandamental 403, Since the three phases of a foedor are 120 degress out of phase, it is possible to
determine the phase location of the transmuitter based on the timing relation of its transmission
with the feeder/phase Hine that ts measured at the recetver,  two or more lines are tied with
respeet to the encrgv-based method, then the tied line which 1s in phase with the transmission s
sclected as the deviee's grid location. The phase of a transmission may be determined exclusively
by the latter method, bt without neasurements of the RSSH there 13 no indication of the feeder
of transmission.

{00371 Another check on the voting algorithms disclosed above may be the burst
demodulation performance across all feeder-phases. For example, the data segment of 3 message,
such as 104, may contain forward error correction ("FECTY or eyelic redundancy check ("CRC™)
information. When the most encrgetic received message, or one of the most energetic in case of a
tie, has bit ervors 1o the data segment of the message, or in the preamble, then # is possible that

the energy "vote™ has been distorted by impulse noise on one of the tone frequencies.

{0038} Additionally, n an approach, a data-bearing message may contain other information
velated to the gnd location of the transmitter. Specifically, the data section may contain the
identity of the transemtter, If the recerver has access o a stored grid-map database, then a carrent
inferred grid location of a transnutter may be compared with a previous inferred or known grid
focation of the same transmitter, and this mav be used to mfonn the decision about the outcome

of the inference. Grid locations of devices at the edge of the grid do change from tme to time,

13
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because of repairs, additions to the grid, changes in the switch states of featares of the
distribution gnd, and the hike. However, it may be possible to deteraune the fikelihood of such a
change having occurred from the grid map, or the Inconsistency may become inputto a

stuational analysis progess.

{0039} Refer now to Figure 6, which ilfustrates a more compact method of implementing the
voting method disclosed above. In this method, the Probe Transmission contains at least two tone
groups, which are transmiited one group after another i sequence. The sequence may repead,

The sequence, 1n a preferred approach as always, 1s known to the recetver. Suppose that a Probe
Transmussion consists of two frequency tone groups, 601 and 602, which are transmutted m
sequence, Instead of measuring one or more idle sections, as disclosed above, the receiver
monitors only the probe frequencics. While tone group 601 is present, the frequencies of tong
group 602 are also mweasured and used in hieu of an wdle section. While tone group 602 s present,
the frequencies of tone group 601 are also measured and used in heu of an idle section. The

algorithm then proceeds as desoribed heretn above.

{00607 Figures 7 and 8 ilhustrates how the frequencics of one tone group provide idle
frequencies while the frequencies of the other tone group ave transmitted. Figures 7 and § are
graphs of the frequescy spectrum, ©.¢., from 60 hertz to 3800 hertz, where data points are plotied
against londness, e.g.. from -60 dB to +30 dB. In Figure 7. the heavy bars connected to lead
tines 701 represent a set of tones {(black tones), ¢.g., one tone group, The other plotted data
points (blue tones) on the figure represent noise, e.g., backgroand norse on the svstem. The tong
group iy copypared to the background noise. i Figure §, the heavy bars connected to lead hines

802 represent a sot of tones (blue tones), ¢.g., one tone group, where this tone group is different

:

than the tone group of Figure 7. The other plotied data points (black tones) on the figun

represent noise, ¢.g., background nowse on the svsten. The second tone growp 1s compared to the

background noise

jooetl  Also consider an exemplary message format of Figare © which includes timing guard
bands 901 and 904, a combined preamble and probe section 902, and a data section 903, In this
cembodiment, the message preambie and the probe transmission are one and the same. Pure tones

oceur in the preamble, but 8 modulated identifier of known pattern may be superimposed. The

compact voting method of Figures 6.7, and § mav or may not be applicable depending on

14
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whether the pattem provides sufficient idle sampies. The method of using the timing guard bands

{901,904) to provide the idle samples will be applicable.

{00621 While the invendion has been desenbed and tHustrated with reforence (o specific
exemplary embodiments, it should be understood that many modifications. combinations, and
substitutions can be made without departing from the spirit and scope of the wvention,
Accordinglv, the rvention 18 not to be considered as limited by the foregoing desenption but is

oaly hmited by the scope of the claims.
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CLAIMS

What s claimed as new and desired to be protected by Letters Patont of the United
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I, A svstem for determining circuit topography, on an clectrical distribution grid
having more than one candidate foeder and phase, to which a transnutiing device

is connected, comprising:

at least one on-grid transmutting deviee coupled to a power line capable of

wjecting at least one signal onto sad power line from which # 1s getting power; and

=
R

at feast on-grid sensor device coupled at a substation coupled to at least sad

power ne.
2. The svstem of claim 1, farther comprising:

said sensor device heing coupled at said substation being coupled to at least said
power hing to cach feeder and phase that 1s a candidate supplier of the power for

the transmitiing device

3. The svstem of claim 1 wherein the on-gnd transmitting dovice s a unit

comprising at least a processor and compater-readable memory.

4, The svstom of chaum 1 whoerein the sensor device 18 a unit comprising at kasta

processor and computer-readable memory.

T4

A svstem for mierring grid ocation of a transmitier, comprising:

a transmitior coupled to a distrbution grid assoctated with a low-voltage

transformer, and

a recedver located at a junction posst of a distribution grid, said receiver couplad

to recetve a plurality of phases of at least one feeder of said distribution grid.

16
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6.

The svstem of claim 3 wherehn transauiter comprises at Jeast a computer

processor and computer-readable memory.

The systom of claim 6, wheretn sand transmitter i configured to provide g

plurality of structures of probe transaussion signals.

A method for determining circwit topography, on an ¢lectrical distribution grid

having more than one candidate foeder and phase, comprising:

transmitting a wsing at least one on-grid transmitting device coupled to g power

line capable of njecting at least one signal onto sard power line From which it s gething

power;

receiving signals on satd power line using at least one on-grid sensor device

coupled at a substation coupled to at least said power line: and

analvoing said recetving signals o dotermine which foeder is associated with sasd

transmitting device.

s

il

{4

3.

The method of claim ¥ wheren said ong signal is a data bearing signal.

The method of claim 9 wheren said one signal includes a data bearing signal that

mncludes a probe transmission.

The method of claim Y wherem sad one signal includes a data beanng signal that

includes & preambie, a probe transmission, and a data segment,

The method of claim 8, further conyuising the step of substantially continuously

recording said reeeived signals.

The method of claim &, further comprising the step of substantially secording said

received signals based on a recording policy.

The method of claim 8. wherein said analyzing further comprises the step of

applying a voting policy to analvze the data.

17
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{3 The method of claum 8, whereis saud analyzing fisther comprises the step of

applyvieg a choek policy to analyze the data

16, The method of claim ¥, wherain said transmitting firther comprises one of the
steps of transmitting: oue or wore signals either wdividually, in combination, or

in seguence,

{7, The method of claim 8, wherein said receiving further comprises one of the steps
of transmitting: one or move signals either mndividually, 1o combination, or in

sequences.

185, A method of analvzing the signals of claim § from more than one feeder and
phase wherein a defermination 1s made as to which feeder and phase an End-point

transmuitter is connected and transmitting.

14 The method of claim ¥, wherein said analvzing farther comprises the step of
analvzing the signals more than one feeder and phase on move than one substation
wheremn a determination 1s made as to which substation and feeder and phase is

conected and transmifting.

20, The method of claim &, wherein said transmitting Surther comprises of
transmitting with a fixed tioung relationship to the zero crossing point of the line

voltage to which it is connected.

18
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