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SYSTEM, METHOD, AND APPARATUS FOR GRID LOCATION

CROSS REFERENCE TO RELATED APPLICATIONS

[0001] This application claims the benefit of U.S. provisional patent application

No. 62/072,891, filed October 30, 2014, the disclosure of which is incorporated herein by

reference in its entirety.

FIELD OF THE INVENTION

[0002] The present invention is directed to location detection, and more

particularly to location detection of apparatus coupled to an electrical grid.

SUMMARY

[0003] The present invention is directed toward the use of communications from

the edge of an electrical distribution grid and more specifically, towards detecting

characterizing signals received from a transmitting device (hereinafter "downstream

transmitters") located at the edges of the grid and/or at intermediate points between the

distribution substation and the edges of the grid.

[0004] The invention discriminates a signal received from a downstream

transmitter by correlating one or more received characterizing signals to a reference

characterizing signal at a substation receiver. The downstream transmitter is located at

the edge of the distribution grid or at any intermediate point between the distribution

substation and the edge of the grid. The invention is looking for transmission during a

time slot, does not know from which device the transmission is sent or if, or precisely

when, to expect it. Due to cross-talk and reflections, multiple copies of the transmitted



signal can be received at the substation, with these copies received on different feeders

and phases. By comparing the results of the correlation across a topology of feeders and

phases, the received signal having the best correlation is selected as the actual signal.

This correlation approach creates the ability to drive a functionality that can discriminate

upon which feeder and phase (hereinafter "feeder phase") the signal was transmitted.

As the correlation can be sharp in the time domain, the invention can determine

precisely when the originally transmitted signal was received at the distribution

substation. By transmitting the original signal at the zero cross of the voltage of the

feeder and phase at the point of origination and by comparing the time that the

transmitted signal was received at the distribution substation with respect to a voltage or

current reference at the substation, the topology of the distribution grid can be

determined.

[0005] The invention analyzes the signals coming in from all feeders and phases

of the substation, e.g., all electrical paths back to the substation, substantially

simultaneously, and the invention determines, based on metrics, which received signal

provides the best correlation to the reference signal. In part, the process is a peer review

comparison whereby the reference signal is compared to all of the received signals and

the received signal with the highest level of correlation is identified as the signal

corresponding to the originating feeder phase.

[0006] The present invention is a system used to assess the topological and

electrical properties of an electrical grid. This information is extracted from a stream of

electrical signals resulting from an originating signal transmitted over the electrical grid

and collected at a Feeder Intelligence Module (FIM) located at a distribution substation.

The channel topology includes a compilation of devices through which the transmitted

signal passes, and identifies additional devices related to the grid that may influence the



characteristics of the signal path. Underlying the following discussion is the notion of a

distribution substation's channel topology. The channel topology is essentially a

hierarchical listing of the devices instrumented at the distribution substation and the

devices, circuits, and other features associated with each device respectively.

BRIEF DESCRIPTION OF THE DRAWINGS

[0007] The accompanying drawings, which are incorporated in, and form part of,

the specification, illustrate embodiments of the invention and, together with the

description, serve to explain the principles of the invention.

[0008] For purposes of explanation, numerous specific details are set forth in

order to provide a thorough understanding of the present invention. It will be apparent,

however, to one skilled in the art that the present invention may be practiced without

these specific details. In other instances, well-known structures and devices are shown in

block diagram form in order to avoid unnecessarily obscuring the substance disclosed.

[0009] It should be noted that, while the various figures show respective aspects

of the invention, no one figure is intended to show the entire invention. Rather, the

figures together illustrate the invention in its various aspects and principles. As such, it

should not be presumed that any particular figure is exclusively related to a discrete

aspect or species of the invention. To the contrary, one of skill in the art would

appreciate that the figures taken together reflect various embodiments exemplifying the

invention.

[0010] Correspondingly, references throughout the specification to "one

embodiment" or "an embodiment" means that a particular feature, structure, or

characteristic described in connection with the embodiment is included in at least one

embodiment of the present invention. Thus, the appearance of the phrases "in one



embodiment" or "in an embodiment" in various places throughout the specification are

not necessarily all referring to the same embodiment. Furthermore, the particular

features, structures, or characteristics may be combined in any suitable manner in one or

more embodiments. In the drawings:

[0011] FIG. 1 is a simplified illustration of the power path from a generation

point to a distribution substation to a consumer, showing the high voltage, medium

voltage, and low voltage regions of the distribution grid and depicting some of the major

features of an electrical distribution grid;

[0012] FIG. 2 is a simplified logical block diagram of the intelligent platforms of

one embodiment of the invention;

[0013] FIG. 3 is a simplified block diagram of the distribution substation

apparatus in a Grid Location Aware™ (GLA) network, illustrating how the GLA

network apparatus couples to existing current measurement lines in the distribution

substation, and how data from a Substation Receiver is backhauled to a data center;

[0014] FIG. 4 is a portion of the diagram of FIG. 3 in greater detail;

[0015] FIG. 5 is a simplified illustration of a data stream;

[0016] FIG. 6 is a simplified illustration of a data stream in another aspect;

[0017] FIG. 7 is a simplified block diagram depicting an employment of zero

cross detectors;

[0018] FIG. 8 is a simplified data flow diagram of a methodology, for GLA

detection and feeder phase discrimination, in accordance with an embodiment of the

invention; and

[0019] FIG. 9 is a simplified logical flow diagram of a methodology, for GLA



detection and feeder phase discrimination, in accordance with an embodiment of the

invention.

DETAILED DESCRIPTION OF THE INVENTION

[0020] In the following detailed description, reference is made to the

accompanying drawings, which form a part hereof, and in which is shown by way of

illustration specific exemplary embodiments of the invention. These embodiments are

described in sufficient detail to enable those of ordinary skill in the art to make and use

the invention, and it is to be understood that structural, logical, or other changes may be

made to the specific embodiments disclosed without departing from the spirit and scope

of the present invention.

[0021] The following description is provided to enable any person skilled in the

art to make and use the disclosed inventions and sets forth the best modes presently

contemplated by the inventors of carrying out their inventions. In the following

description, for purposes of explanation, numerous specific details are set forth in order

to provide a thorough understanding of the present invention. It will be apparent,

however, to one skilled in the art that the present invention may be practiced without

these specific details. In other instances, well-known structures and devices are shown in

block diagram form in order to avoid unnecessarily obscuring the substance disclosed.

[0022] The present invention discloses a system, method, and apparatus for

detecting signals transmitted from downstream transmitters on an electrical

distributional grid.

[0023] In an embodiment, the present invention discloses a system, method, and

apparatus for detecting grid topology based on signals transmitted from one or more

downstream transmitters on a distribution grid. In another aspect or embodiment, the



present invention discloses a system, method, and apparatus for determining the time of

transmission of a signal relative to a transmission point. In a still further aspect or

embodiment, the present invention will extract encoded data from the signal to be used

for various purposes.

[0024] Impairments caused to the transmitted signal, as it transits the channel,

are of central concern in establishing optimal communications on the grid. In particular,

by continuously (or periodically or sporadically) analyzing the attenuation profile

(attenuation versus transmission frequency) of the channel, dynamic selection of optimal

frequencies for data communication can be performed and exploited to optimize signal

reception for the channel.

[0025] Impedance characterization can be accomplished through the use of a

constant-amplitude sinusoid, the frequency of which begins at one end of the frequency

band over which impedance measurements are to be made, and is increased, decreased

or otherwise varied, until it reaches the terminal frequency that defines the other end of

the band. This frequency change may be performed linearly, logarithmically, or in any

other appropriate fashion. Such a signal structure is commonly known in the technical

literature as a swept sinusoid or chirp.

[0026] In an embodiment, the invention employs a stimulus-response method.

One such embodiment includes a specially-engineered characterizing signal to probe the

channel. Rather than a concatenated set of discrete tones, or a continuously swept

sinusoid, certain embodiments of the invention employ a concatenated set of spectrally-

and temporally-bounded windowed, chirps, each constrained to avoid the fundamental

frequency and its harmonics., A well-chosen characterizing signal will tend to mitigate

leakage of energy into the frequencies occupied by the fundamental frequency and its

harmonics. In many conventional networks, the fundamental frequency will be 50 Hz,



60 Hz, or 400 Hz.

[0027] The construction of the specially engineered characterizing signal, also

known as the GLA signal, provides additional benefit, in that a cross-correlation

computation, performed using the received GLA signal and a reference copy of the

transmitted GLA signal (reference GLA signal), provides unambiguous, strong, accurate,

temporal resolution of the arrival- time of the GLA signal. In addition, the specially

engineered GLA signal provides a method to determine an unambiguous identification

of the feeder and phase upon which the GLA signal was transmitted.

[0028] In an embodiment of the invention, a computer system (generally located

at a substation of a distribution grid) constantly scans the relatively broadband current

flow of each phase of each feeder of the substation's distribution grid. These current

flows may include on-grid transmission signals being received from one or more

downstream transmitters.

[0029] In one preferred approach, the computer system is parallel processing

data received from each phase of each feeder at substantially the same time. A signal

from a downstream transmitter is a data burst having a header and a data packet. The

header includes a GLA signal. The computer system processes the data from each feeder

phase looking for a candidate signal, i.e., a possible GLA signal. When a candidate

signal is found, the computer compares and correlates the received candidate signal to

one or more reference GLA signals.

[0030] The candidate signal having the strongest correlation to the reference GLA

signal likely identifies the feeder and phase upon which the original GLA signal was

transmitted. As part of this correlation, the computer system can also determine when

the start of the original signal occurred in relation to when the original signal was



received at the distribution substation. By comparing the time that the start of the

original signal was received at the substation to the closest zero cross, prior or

subsequent to the receipt time, of the reference phase of the voltage of the associated

feeder taken at the substation, the phase upon which the signal was transmitted on can

be determined. Thus, by using the correlation process, the invention can determine the

feeder and phase upon which the original signal was transmitted. By using the time

stamp process of the correlated signal, the phase upon which the original signal was

transmitted can be determined. By using both processes together there is an increase in

the probability of identifying the correct phase and feeder upon which the original signal

was transmitted.

[0031] FIG. 1 illustrates a typical segment of an electrical power grid. An

electrical power grid is generally considered to be composed of two logical regions, the

Transmission Grid(s) and the Distribution Grid(s). The Transmission Grid originates at

large generation points, e.g., power plant 120, such as hydroelectric dams, nuclear

reactors, wind farms, solar farms, and coal-fired or gas-fired power plants. Power from

the generation point is transmitted as high-voltage alternating current (AC) over a

connected network of long, high-voltage lines to points where demand for power exists,

such as factories, farms, and population centers. At the edges of the Transmission Grid

there is a collection of Distribution Substations, e.g., distribution substation 124.

Distribution Substations contain one or more Substation Transformers which step down

the voltage from high transmission line levels (typically 130 kV to 700 kV) to the medium

voltage levels (currently typically from 4 kV to about 35 kV in the United States, higher

voltages are currently used outside the United States, although the specific distribution

voltage is not germane to the invention) at which power is distributed to consumers

within a distribution service area.



[0032] At the edge of the Distribution Grid are a number of Service Transformers,

e.g., service transformer 136, which transform the medium voltage of the distribution

grid to lower voltages (in the United States, typically 120V, 208V, 240V, 277V, or 480V).

Other voltages in addition to some of these can be used elsewhere in the world. In some

cases, a tier of one or more transformers, called step-down transformers, e.g.,

transformer 128, lying schematically between the Substation Transformers and the

Service Transformers, create intermediate voltage reductions between the Substation and

the Service Transformers.

[0033] Each Service Transformer powers one or more metered, e.g., using meter

142, or unmetered loads. A load, e.g., load 150, can be a dwelling, a commercial or

industrial building, an element of municipal infrastructure such as a series of street

lamps, or agricultural apparatus such as irrigation systems. A typical distribution grid

includes other elements used to control, balance, and regulate the flow of power.

Examples of such elements are capacitor banks, e.g., capacitor bank 132, voltage

regulators, switches, and reclosers.

[0034] Distribution grids have been designed and deployed in a variety of

topological configurations. In the United States, distribution grid types are typically

characterized as radial, loop, or networked. Other emerging cases are the campus grids

and microgrids. Additional topologies, not described, are used elsewhere in the world.

In a radial grid, 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, or three-phase lateral

lines branching off from the feeders, and tap-off points (or simply "taps") in turn

branching from the laterals. Radial grids are inexpensive to design and build because

they are simple, but they are most vulnerable to outages because they lack redundant



power paths, so that any break causes at least one load to lose power. Network and loop

grids are also well known to one of skill in the art and are equally amenable to

supporting corresponding embodiments of the invention.

[0035] A distribution substation receives high-voltage power from the

transmission grid into one or more large power transformers. A distribution substation

transformer may incorporate a type of regulator called a load-tap changer, which alters

the voltage that the transformer delivers to a power distribution bus (e.g., a substation

distribution bus) by including or excluding some turns of the secondary winding circuit

of the transformer, thereby changing the ratio of input to output voltage. Certain

embodiment of the invention will operate properly notwithstanding changes in these

turns ratios. One or more feeders emanate from the substation bus. If too many feeders

are required in order to service the loads or topology, additional transformers and

busses are used.

[0036] In order to monitor and control the components of the grid, feeder phase

current transformers (FPCTs) are attached to power-bearing conductors within the

substation. The FPCTs output a relatively low alternating current (typically up to 5

amps) on a looped conductor which is accurately proportional to the current flowing

through the high voltage conductor being monitored. These low-current outputs are

suitable for connecting to data acquisition subsystems associated with Supervisory

Control and Data Acquisition (SCADA) systems or relay protection systems in the

substation. FPCTs are designed and built into the substation, because changing or

adding FPCTs to the high-voltage components is impossible or dangerous while current

is flowing. On the other hand, additional monitoring CTs (MCTs) may be safely added

around the low-current loops as needed without interrupting or impacting power

delivery.



[0037] In addition to the power lines themselves, the distribution grid contains

numerous other devices intended to regulate, isolate, stabilize, and divert the flow of

power. These devices include switches, reclosers, capacitor banks (usually for power

factor or voltage 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 grid. Devices that have abrupt

state changes will introduce impulse noise on the grid, as can loads turning on and off.

Some devices, such as transformers and capacitor banks, filter and attenuate signals at

certain frequencies and can cause cross-talk of signals above the fundamental frequency

of the power delivery system.

[0038] Other than the wires connecting a consumer load and the associated meter

to a service transformer, the service transformer is typically the outermost element of the

distribution grid before the power is actually delivered to a consumer. The meter is

attached at the point where the power from the service transformer is delivered to the

consumer. Service transformers can be three-phase or single phase, as can meters.

[0039] Traditionally, reading meters was one of the largest operational costs

incurred by electrical utilities. Original electric meters were analog devices with an

optical read-out that had to be manually examined monthly to drive the utility billing

process. Beginning in the 1970s, mechanisms for digitizing meter data and automating

its collection began to be deployed. These mechanisms evolved from walk-by or drive-

by systems where the meter would broadcast its current reading using a short-range

radio signal, which was received by a device carried by the meter reader. These early

systems were known as Automated Meter Reading systems or AMRs. Later, a variety of

purpose-built data collection networks, employing a combination of short-range R

repeaters in a mesh configuration with collection points equipped with broadband



backhaul means for transporting aggregated readings began to be deployed. In time,

two-way purpose-build collection networks utilizing two-way paging technology and

cellular communications were also deployed, either as independent systems, or as a

portion of a complex purpose-build data collection system.

[0040] These networks were capable of two-way communication between the

"metering head-end" at a utility service center and the meters at the edge of this data

collection network, which is generally called the Advanced Metering Infrastructure or

AMI. AMIs can collect and store readings frequently, typically as often as every 15

minutes, and can report them nearly that often across an entire deployment. They can

read any meter on demand provided that this feature is used sparingly, and can connect

or disconnect any meter on demand as well. AMI meters can pass signals to consumer

devices for the purpose of energy conservation, demand management, and variable-rate

billing. Because the AMI network is separate from the power distribution grid, AMI

meters are neither aware of nor sensitive to changes in the grid topology or certain

conditions on the grid. Nonetheless, the introduction of AMI is generally considered to

be the beginning of the Smart Grid.

[0041] Many characteristics of the electrical distribution infrastructure have

limited the success of efforts to use the grid itself as a communications medium. First,

the grid is a noisy environment. State changes in loads on the grid, as well as control and

regulation artifacts on the grid itself, cause impulse noise on the power line. Normal

operation of loads like electrical motors, simple variations in the overall load, and

ambient RF noise (chiefly from lightening and other weather-related causes) add up to

significant Gaussian noise.

[0042] The measured noise floor at a typical substation in the United States sits at

about 80-90 dB below the maximum amplitude of the line fundamental frequency. The



complex impedance of the grid varies across both the frequency and time domains. This

may lead to loss of signal at an on-grid receiver sited at a higher voltage point on the

grid when impedance increases, or alternately force the on-grid transmitter to use more

energy than would be necessary on the average.

[0043] Capacitor banks sited at points along the grid for the purpose of

optimizing power factor can cause signal attenuation. These capacitor banks can be static

values or dynamic values, which are changed manually or automatically. Most

significantly, transformers act as low-pass filters, dramatically attenuating signals above

a certain frequency. The effective passband is not the same on every distribution grid,

because different arrangements and types of transformers are employed and because the

transformers themselves are not deliberately tuned to filter at a specified frequency

above the fundamental. All these variables impact the frequency response of the grid as

a transmission medium.

[0044] Additionally, injecting modulated current signals on the grid may cause

interference between the injected signals themselves. One problematic phenomenon is

crosstalk, where a signal injected on one power line is detectable on another line. When

crosstalk occurs on two or more phases of the same feeder, it can be caused by inductive

and capacitive coupling as the phase lines run alongside one another for most of the

length of the feeder. Crosstalk may also be due to multiple phase windings on the same

transformer core.

[0045] Feeder-to-feeder crosstalk has also been measured, and may be caused by

reflection of the injected signal off the power bus at the substation. As will be further

discussed below, the amplitude of a signal received at a substation may be higher (at

some frequencies) on a crosstalk channel (feeder phase), than on the originating feeder

phase. Given the complexity, diversity, and age of the distribution grids in the United



States and the world, less is known about these phenomena at frequencies above the

fundamental frequencies than might be expected.

[0046] Despite the many engineering difficulties inherent in using the power grid

as a communications medium, it has remained attractive to electrical utilities because the

utility already owns the infrastructure, and it is present at all the points where the utility

needs to collect data. Under the umbrella name Power Line Communication or PLC,

some medium-frequency power line protocols have been used with success for Smart

Grid applications. Despite their limitations, low-frequency systems have achieved

market penetration in rural areas where wireless systems are cost-prohibitive.

[0047] High frequency communications require additional equipment to allow

the signals to cross transformers and capacitor banks. Such signals can also be severely

attenuated by passage through underground cables, and can radiate RF signals on

overhead lines. Consequently this technology has not been widely adopted..

[0048] The problems with, and limitations of, the high, medium, and low-

frequency PLC methods as discussed above have led in the 21st century to rapid

development of custom built wireless networks for AMI data collection in the United

States. High-frequency on-grid methods have proven to be too expensive, not

sufficiently reliable, and too fraught with error and uncertainty to be commercially

viable. Low-frequency methods can be implemented with low-cost edge-to-substation

transmitters, but these lack the data-bearing capacity required by modern AMI.

Moreover, on-grid low-frequency substation-to-edge transmitters like AFRC are large,

expensive, and have undesirable side effects which limit their use in urban settings. One

possible option would be to use high-frequency substation-to-edge transmitters in

conjunction with low-frequency edge-to-substation transmitters. However, in the United

States, market forces have led to the rapid penetration of wireless AMI systems,



especially in urban and suburban areas.

[0049] Cost constraints and availability of unregulated spectrum have dictated

the use of mesh architectures within AMI networks, with neighborhood concentrators

that collect data from a grouping of meters and use traditional infrastructure (POTS,

fiber, or cellular) for backhaul to data centers. Mesh architecture means that, although

the RF transceivers used have individually high data rates, the edge networks are easily

saturated. Most of the available data bearing capacity in these networks is used just for

reporting meter interval data, with limited capacity reserved for firmware updates and

control packets for applications such as demand management.

[0050] There are two major factors that limit the utility of the existing AMI

infrastructures. The first is, of course, the capacity limitations of the mesh. The second,

and more significant, is the fact that the AMI network is not congruent with the electrical

grid. It is capable of providing little information about the operational state of the grid,

and is not knowledgeable of the schematic configuration of the gird. This is unnecessary

for meter reading, but more sophisticated Smart Grid applications (for energy

conservation, asset protection, load balancing, fault isolation, recovery management, and

non-technical and technical loss determinations) require accurate information about the

schematic relationships of various assets (such as grid assets, load and conditions on the

several segments of the grid, and the current state of bi-modal and multi-modal assets).

This information, together with the geospatial locations of the same assets, is called the

Grid Map.

[0051] Utilities typically maintain two maps or models of the Grid. A Physical

Network Model (PNM) aggregates the geospatial location of the assets on the grid.

PNMs thanks to modern GPS technology, are reasonably accurate with respect to point

assets such as substations, capacitor banks, transformers, and even individual meters.



Inaccuracies stem from failure to update the maps when repairs or changes are made.

For example, a service transformer may be moved from one side of a street to the other

as a result of street widening.

[0052] Longitudinal assets, especially buried cables, are less well represented in

the PNM. The PNM can contain as-designed data, but since, in many places, the cable

was laid before global positioning technology had matured, the designs were based on

ground-level surveys. Subsequently, original maps may or may not have been updated

to reflect changes. Later surface changes complicate the problem of verifying the

geographic path taken by medium-voltage distribution lines.

[0053] The second model is the Logical Network Model, or LNM. LNMs describe

how grid components are connected, without reference to their geospatial location. The

LNM changes frequently. During the course of repairs, the way transformers attach to

taps and laterals, and meters attach to transformers, may be altered. Such changes affect

both the LNM and the PNM.

[0054] In many utilities, such changes are recorded manually by field agents. The

manual reports may or may not be updated in the LNM and PNM and, when updates

are made, the time lag between maintenance occurring and its being recorded is

variable. Additionally, many grid components, especially regulators, switches and

reclosers, change state asynchronously and/or automatically. Unless these components

are instrumented with communications back to a data center, rather than simply being

subject to local control systems, such dynamic changes are not reflected in the LNM.

They do, however, affect the power path, the load and environmental stress on other

components of the distribution grid, and the service level to consumers.

[0055] Examples of significant but not reliably known aspects of the (actual) Grid



Map are the feeder and phase by which each meter is currently powered. Other

significant factors include the relative load on each phase of each feeder, especially on

subordinate branches (laterals) of the grid, the actual voltage supplied to each meter, the

power factor along the edges of the grid, and whether all the power drawn at a

transformer is metered. Additionally, it is important know the state of switch sets, local

connections, or protection devices such as fuses, especially after a weather event that has

caused outages.

[0056] If this information were reliably known, utilities could conserve energy

(much of the savings from which would pass on to consumers), save maintenance costs,

prolong the life of equipment in the field, improve the efficiency and life of utility and

consumer equipment, avoid outages, reduce recovery times after unavoidable outages,

and improve operational safety for their field engineers.

[0057] The problem of automated dynamic grid mapping is not solved by

wireless Smart Meters. The consensus among utilities is that the volatility of the LNM is

such that using field engineers to measure and monitor changing attributes of the grid

map is generally not a cost effective or workable solution.

[0058] Utilities habitually oversupply the line voltage to consumers to ensure

that fluctuations in load, power losses in home wiring, etc. do not result in some

consumers' service falling below llOv AC effective at individual outlets inside the

building, which is generally the optimum for home appliances and the like. The goal of a

well-instrumented fine-grained conservation voltage regulation system might be to

reduce the typical effective voltage at a single-phase meter to 114VAC as measured from

one leg of the typical 240VAC service to neutral in the United States.

[0059] Cost constraints also dictate that placing SCADA instrumentation at every



medium-voltage field asset is impractical. The "touch points" on the distribution grid are,

for better or worse, largely the meters at the edge and the instrumentation in the

substations. This dictates that techniques for power line communication be revisited,

because signals traveling on the power line can be used both to infer and to report grid

mapping information not detectable by means of wireless AMI. The ubiquitous presence

of wireless AMI for reporting meter data can be considered as a benefit in the search for

effective grid-mapping technology, in that it frees the limited data-bearing capacity of

low-frequency on-grid transmission methods to support grid mapping systems instead.

It is, however, desirable to identify a transmission method that is low cost at the edge

and at other points within the electrical distribution system, coexists with the AMR or

AMI, and does not trigger any of the above-noted pitfalls of on-grid transmission. Such

pitfalls also include requirements for intermediate devices such as repeaters between the

edge and the substation; unacceptable flicker; RF interference; impulse noise; etc. Finally,

the transmission must require very little power, because the energy expended driving

the transmitters reduces any financial benefits obtained.

[0060] Finally, the schematic topology of the grid is subject to change without

notice or recordation. Therefore, the source of a signal may not be easily discernable.

Consequently, it would be desirable to have a reasonably quick, reasonably low-cost

solution to continuously, periodically or sporadically determine changes in the

schematic topology of a grid and/or to ascertain the schematic location of a signal source.

In addition, having established these schematic locations, there is a wealth of

information available that can be analyzed to determine information about other aspects

of the distribution grid such as, for example, segments connecting different elements of

the grid.

[0061] FIG. 2 is a logical block diagram of the intelligent platforms of one



embodiment of the invention, showing where the processing elements reside with

respect to a network. The exemplary network illustrated includes a wide area network

such as the Internet, an AMI, and a medium voltage electrical distribution grid, or other

such medium. Connected at the edge, or an internal junction point, of the medium

voltage electrical distribution grid is at least one downstream transmitter.

[0062] FIG. 2 shows that the system may be divided into three regions or tiers.

The edge tier 301 includes at least one downstream transmitter. The downstream

transmitter, e.g., downstream transmitter 305, can be located at a service transformer 303

or the downstream transmitter, e.g., downstream transmitter 304, can be located at a

power consumption site underneath the service transformer.

[0063] The invention does not require the installation of communication devices

or other modifications between the edge tier and the substation tier. However, if it is

desirable to collect data from a feature of the medium-voltage grid, such as a capacitor

bank, a variation of the downstream transmitter may be installed there. Such a

downstream transmitter is technically still at the Edge Tier, since it is powered by a low-

voltage outlet located at the feature, and not directly from the medium-voltage line(s)

upon which the grid feature is installed.

[0064] Still referring to FIG. 2, the substation tier 306 comprises at least one

Substation Receiver 307 operable to receive transmissions from the downstream

transmitter in the edge tier, or intermediate junction point, without recourse to any

signal amplifiers, bypass mechanisms, or bridges installed on the medium voltage

infrastructure of the electrical distribution grid. The Substation Receiver(s) connect via a

local area network to a Computing Platform 308 containing non-volatile computer-

readable memory and a CPU for storing and executing the software 309 which maintains

the Inventory and Grid Map databases and carries out the tasks of provisioning and



managing the data network.

[0065] Additionally the Computing Platform stores and executes software 310

which processes the Inventory and Grid Map data in combination with messages

received from the Substation Receiver 307 to infer information about the state of the Grid

over and above what the Substation Receiver alone can detect based only on incoming

transmissions. The combination of the substation receiver 307 and its associated

computing platform 308 is also referred to as a Feeder Intelligence Module (FIM).

[0066] In an embodiment of the invention, a substation receiver 307 includes a

number of analog-to-digital (A/D) converters, although typically depicted as the A/D

converter being located outside of a substation receiver 307. Each A/D converter is

coupled to a prospective sensor on each feeder phase looped conductor, i.e., each phase

of each feeder supports an A/D converter. In one embodiment, the signals received from

the phases of the feeders are current wave forms. In one approach, the A/D converter is

located near each MCT on each respective feeder phase input line. (FIG. 3)

[0067] The FIM includes MCTs coupled to the outputs of the FPCTs. The outputs

of the MCTs are, in turn, connected to the inputs of the A/D converters respectively.

Desirably, the A/Ds are located near the respective MCT on each feeder phase current

loop. (FIG. 3) In one approach, when processing signals, the substation receiver 307

ignores signals at the grid's fundamental line frequency and its integer harmonics.

[0068] Referring back to FIG. 2, each distribution substation has at least one

substation transformer. Depending on the type and number of loads connected to the

substation, there may be more than one substation transformer in a substation. The

substation transformer and its topology— the circuits and features between the

substation transformer and its loads, inclusive— s generally referred to as a Substation



Domain. In an exemplary case, the system includes a substation receiver 307 uniquely

associated with each substation transformer. In this exemplary case, the substation tier

306 has two substation domains corresponding to the two substation receivers 307. In

other approaches, a substation receiver 307 is shared by more than one substation

domain, or a substation domain has more than one substation receiver.

[0069] In some embodiments of the invention, the computer-based components

of the Substation Receiver and the Computing Platform components are hosted on the

same processing subsystem. In such embodiments, the communications protocol (such

as HTTP) used to transfer data between the Substation Receiver and the Computing

Platform software components need not change, even though there is no physical local

area network required.

[0070] In one embodiment, Computing Platform 308 connects to a conventional

wide area network 311, such as the Internet, for the purpose of communicating with a

Concentrator 312 in a data center tier 313. In some embodiments of the invention, and

regardless of whether the Computing Platform and Substation Receiver are co-located or

on separate processing subsystems, the processing subsystems may be configured in a

redundant cluster to ensure continuous operation of the system.

[0071] Referring again to FIG. 2, in certain embodiments the Concentrator 312

hosts software with an analogous architecture to the software in the substation(s). Such

an architecture may include a network and data management component 314 providing

software services to one or more applications 315 for GLA. The applications use

conventional network-based messaging protocols such as, but not limited to, JMS, SOAP,

and REST to publish information to subscriber applications such as a Geographic

Information System (GIS) 316.



[0072] The data and network management component 314 may integrate with an

AMI head-end 317 for the purpose of causing the AMI network to broadcast data blocks

to the Downstream Transmitters in the edge tier 301 or at intermediate junction points.

Data and network management component 314 may integrate with AMI head end 317

using a standard protocol and/or a proprietary interface.

[0073] Other embodiments of the invention may employ alternative ancillary

network components. For example, Substation-to-Edge broadcast capability and/or time

synchronization from the substations to the Downstream Transmitters may be provided

by medium-voltage PLC transmitters attached to the feeders at the substation rather

than using an AMI for this purpose.

[0074] Likewise, a separate radio transmitter broadcasting messages originating

at the distribution substation may be employed. The radio transmitter does not need to

be physically located at the substation as long as there is a communications path from

the Computing Platform at the substation to that transmitter. A single radio transmitter

may serve as the Substation-to-Edge channel for a multiplicity of substations. When the

Substation-to-Edge channel is not an AMI, synchronization of the downstream

transmitter clocks may be provided as described in U.S. patent application Ser. No.

13/566,481, titled System and Methods for Synchronizing Edge Devices on Channels

without Carrier Sense, which is incorporated herein by reference. One of skill in the art

will appreciate that, in embodiments of the invention where channels are not time

slotted (for example, TDMA), clock synchronization is unnecessary.

[0075] FIG. 3 is a simplified block diagram of a typical distribution substation

apparatus in a GLA network and edge of the grid topology. FIG. 3 includes a

distribution substation 440 which includes a substation transformer 442 which is

electrically coupled to a distribution bus 430, which, in turn, is electrically coupled to



feeder phase lines 421. The edge of the grid includes a plurality, e.g., n, of feeders 410,

each feeder 410 having three feeder phase lines 421. Each respective feeder phase line is

typically connected to a load 418 through a service transformer 414. A downstream

transmitter 417 is located near a service transformer 414 and/or a downstream

transmitter 416 is located next to/or part of a meter. The distribution substation 440 also

includes a SCADA/protection relay 420 which is electrically coupled to feeder phase

lines 421 through loops 426, respectively. The FIM is also electrically coupled to loops

426 through A D converters 422 and MCTs 424, respectively.

[0076] FIG. 3 details how in, one embodiment, the FIM monitors the feeder phase

lines 421 on the low-voltage side of the substation transformer 442 by attaching MCTs,

e.g., MCTs 424, to the SCADA/protection relay loops, e.g., loops 426, already in place to

the SCADA, or protection relay, 420. This coupling method allows a Substation Receiver

to be installed in a distribution substation without disrupting the operation of the

substation. Other coupling methods such as hot-stick clamp-on current transformers are

well known in the art, and may be equivalently employed in lieu of the secondary

coupling to SCADA loops described herein. Some distribution substations 440 may lack

SCADA loops 426, or existing loops may be inaccessible due to physical placement or

utility regulations.

[0077] Fig. 3 also shows the MCT 424 connections to the A/D converters 422. The

A/D converters 422 digitize the analog current signal read from the output of the MCTs,

which output is proportional to the current flowing through the corresponding feeder

phase as measured by its FPCT 425. In certain embodiments, the resulting digitized

signal is conveyed to one or more FIM computing element by means of one or more FIM

switches (not depicted in FIG. 3 for reasons of simplicity). As one of skill in the art will

appreciate that, in an exemplary system, the computing element will include, but is not



limited to, one or more of a conventional microprocessor-based computer, a Digital

Signal Processor, or other signal processing device such as a Field Programmable Gate

Array and/or Graphics Processing Unit. In certain embodiments, the FIM encompasses

all of the electronics of a substation receiver, not all necessarily in the same rack. The

FIM switch performs several functions including collecting signals from the A/Ds. FIM

switches also provide power over the Ethernet connection to the A Ds 422.

[0078] The FIM switch also sends out a common clock to all of the A/Ds, which

digitize a clock signal as part of the A D processing. This digitizing of a clock signal

allows time stamping of the individual A/D data streams to allow subsequent alignment

of said streams. In one embodiment, the FIM switch has a very fast, e.g., gigabit

Ethernet, connection to the FIM computing element.

[0079] In one embodiment, the FIM computer is a very fast, multi cored

computer that substantially permits parallel processing of each of the channels. In one

such implementation, the FIM computer will include two 20 core Intel Xeon-based

processing elements. As such, up to 40 process 'threads' can be performed substantially

simultaneously.

[0080] Although not shown, the FIM processing element receives one or more

voltage reference signals from the distribution substation. In one embodiment, these

reference signals are received through an FIM switch. These signals are a digitization of

respective AC voltage waveforms, as measured at the distribution substation. In most

circumstances only one voltage reference signal is required for a substation. There are,

however, configurations in which multiple voltage reference signals are required, and

others in which no voltage reference signals are required.

[0081] In implementing a system according to principles of the invention, it is



desirable to measure voltage angle as a grid characterization parameter. Certain

embodiments of the invention achieve voltage angle measurement through the following

means: dispatch of a GLA signal from a downstream transmitter is synchronized to a

voltage zero crossing of the fundamental line frequency at the downstream transmitter.

Preferably, the voltage signal zero crossing event is detected in a pure form, having

eliminated all signal harmonics and extraneous noise and taking special care to avoid

uncompensated time delays in processing of the signal. At the distribution substation, a

similar measurement is made of the fundamental line frequency voltage zero crossing.

The time of this substation voltage zero crossings is compared to an arrival time of the

GLA signal at the substation receiver to measure any time offset. This process is repeated

for every received GLA signal.

[0082] As a practical matter, transit time for the GLA signal between the

downstream transmitter and the substation receiver is considered manageable. Any

measured time differential consists of three components: One is the time it takes the

fundamental frequency to propagate from the substation to the downstream transmitter.

A second is the actual voltage angle shift that is the desired parameter being measured.

A third component of the time differential is the propagation time for the GLA signal

from the downstream transmitter back to the substation.

[0083] In certain circumstances, it is desirable to compensate for the first and the

third of these factors, as well as other measurement and processing delays that may be

inherent in the system. After such compensation, any time differential between the

fundamental line frequency zero crossing at the substation and receipt of the GLA signal

at the substation is attributable to voltage angle differences.



[0084] It will be appreciated by one of skill in the art that any such voltage angle

difference reflects physical characteristics of the grid between the downstream

transmitter and the substation receiver. Consequently, the FIM can store voltage angles

and subsequently compare these values to newly measured voltage angles, whereby any

change in the measured voltage angle can provide valuable information regarding

electrical characteristics of the grid and/or its operational state. One of skill in the art

will also appreciate that the zero crossing detections described above may be

implemented in software, in hardware, or in any combination of hardware and software.

[0085] In certain circumstances, it will be adequate to employ a single zero

crossing detector for all feeders and phases coupled to a particular distribution

substation. In other embodiments, it will be desirable to have multiple zero crossing

detectors. For example, where a distribution substation has more than one transformer,

it may be necessary to employ multiple zero crossing detectors.

[0086] When a downstream transmitter sends data to a computer system

managing the electric grid, it usually is sent in the form of a data packet preceded by the

GLA signal. A GLA signal is, typically, a signal with a plurality of chirps across a range

of frequencies. The invention system looks for this GLA signal to determine where the

data packet is located by comparing the characterizing sizing against a stored

characterizing signal to find the greatest correlation.

[0087] A characterizing signal, e.g., a GLA signal, is generated and sent,

generally, from a transmitter located at an edge of an electrical grid and the signal is

subsequently received at an interior spot of the electrical grid, e.g., a substation. In the

interior spot, the GLA signal is filtered and correlated to a copy of the GLA signal. In an

approach, the GLA signal is filtered in a manner to remove unwanted and/or

undesirable portions of the signal. The resulting signal is compared to a copy of the



characterizing signal and run both signals through a cross correlating filter that

generates a signals that demonstrates the similarities and differences of the signals. A

band pass filter to just get the sorted the signal. It is the measure metric of the system

and is compared channel to channel and a decision based on the many or all of the

channels.

[0088] In a preferred approach, this measurement of the GLA signal received

from a transmitters is a substantially instantaneous measurement, the system does not

rely or generalize utilize an older, previously received GLA signal on the same channel.

Every time a message is sent, this GLA is a precursor to the message. The path of the

signal is determined every time a message is sent— the GLA path. It is important to

process the GLA signal anew because characteristics of the grid, e.g., impedance, can

change over time, even a short amount of time.

[0089] The GLA signal is used for packet synchronization and drives the feeder-

phase discrimination algorithm. In certain embodiments the reference GLA signal is

prepared in advance of any application, and a stored representation is subsequently

applied in real time. In other embodiments, a reference GLA signal is generated entirely

or partially in real-time, either at the remote transmitter, at the substation receiver, or

both.

[0090] In an embodiment utilized on an exemplary 60 Hz fundamental electrical

grid (one of skill in the art will readily adjust for other fundamental frequencies), the

GLA signal consists of a sequence of 25 non-overlapping windowed frequency chirps

with a total duration of 3 seconds. Each chirp is designed to span a frequency range of

50 Hz between two consecutive harmonics. A spectral window (in this case a Tukey

window) is used to provide a smooth transition between consecutive chirps.



[0091] In one embodiment, a frequency chirp spanning some frequency range

[f_c, f_c+50] Hz is interpreted as a "prototype" chirp spanning the frequency range [0,50]

Hz that is subsequently translated up to the f_c Hz band. This interpretation is based on

a conventional definition of a chirp. To see this, consider the following chirp, sweeping

out the range of [f_c,f_c+50] Hz:

x t = {fct + t2 (1)

[0092] Where k=50/T is the rate at which the frequency changes from f_c to

f_c+50 over a time-period of T seconds. Using complex arithmetic, this equation may be

broken up and written as

x = exp 2 ifct * 2 i t2 (2)

[0093] A benefit of expressing the signal in this way is that the term to the right

of the multiplication is independent of the particular chirp. The expression on the right

side of the multiplication is multiplied element-wise with a Tukey (or tapered cosine)

window to allow for graceful transitions between adjacent chirps. In an embodiment,

the Tukey window used in the computation of each GLA chirp is defined piece-wise as

follows:

f ( - ))} 0 < x <

w(x) ≤ x < 1 - (3)

Yi { + (≥ ( + ) - -
2

≤ x ≤ l

[0094] where r is between 0 and 1 (inclusive) and x is an N-point linearly spaced

set of samples between 0 and 1 (inclusive). Parameter r controls the shape of window; it

is the parameter that can be adjusted forward and back. This adjustment affects the



tradeoff between the sharpness of the falling edges on both sides of the chirp and how

much ripple is in the path span of the chirp.

[0095] In a one approach, and as discussed above, the GLA signal in the

substation receiver is precomputed and stored, having been generated offline rather than

during signal processing of the incoming signal. First, a desired GLA signal waveform is

selected and the entire GLA signal is precomputed; a GLA signal is 3 (three) seconds

long at fifteen (15) k, which is forty-five (45) thousand samples. The Tukey window is

temporarily created and applied to all of the sub chirps of the signal which comprise the

entire GLA signal. For example, a single sub chirp is generated which scans a particular

frequency range of 50 Hz, generate Tukey window, and multiply the result of the Tukey

window component wise by the sub chirp. This is done for all of the sub chirps and the

results is concatenated together. This is the stored GLA waveform. There is

configuration file that points to the GLA text file. The GLA file is digital samples; the

value of the waveform at any given point. It is normalized to 1, so that max value is 1. It

is textual representation of the waveform, point by point. In an approach, a FFT

equivalent of the GLA waveform is stored. The Tukey window is not generated on the

fly. It is used to generate a chirp which is stored in the file. In one approach, Matlab is

used to generate the chirp. Note that the GLA signal can be shorter or longer than the 3

(three) second duration, as required for the characteristics of a particular distribution

grid.

[0096] Conversely, the GLA signal can be generated as it is needed where, for

example, local memory of a particular downstream transmitter is constrained. In

another approach, the GLA signal of the transmitter is stored in, for example,

downstream transmitter memory.

[0097] In certain embodiments, the sequence of chirps of a GLA signaled



permuted. When observing and examining the grid, it has been noticed that there is, or

may be, other signals that sweep across the spectrum, and these signals can possibly

interfere with GLA signals from the downstream transmitters. By permuted the GLA

chirp sequence, the GLA signal can be made to more discernible and less likely to be

affected by such spurious signal.

[0098] It will be apparent to one skilled in the art that, that for any GLA signal or

collection of GLA signals, the representation of the same GLA chirp sequence for the

GLA signal must be available both at the downstream transmitter and at the substation

receiver. It will be likewise appreciated that a downstream transmitter may select among

a plurality of GLA signals (e.g., chirp sequences) for any given transmission. Detection

of a specific GLA sequence at a substation receiver can convey additional information. It

should be obvious to one skilled in the art that a substation receiver may be designed to

detect any GLA signal presented, without a prioi knowledge of the specific GLA signal

being transmitted from the downstream transmitter.

[0099] It will be also be appreciated that, in certain circumstances, the choice of a

particular GLA signal can result in improved performance. The use of adaptive learning

with respect to acquiring and learning about features of a grid or parts of a grid may be

employed to select GLA signal(s) for use in the system.

[00100] The substation receiver continuously receives from the electrical

distribution grid various signals including GLA signals from downstream transmitters.

The signals initially arrive at the substation receiver in an analog form and are converted

to digital form through A/D converters associated with respective feeder phases. The

resulting digital data is associated with its respective feeder phase as it is stored by the

FIM. The FIM stores the digital form of the signals (the digital signals) using an

appropriate method such that the signals can be subsequently analyzed by the FIM. In



light of the foregoing, it will be appreciated that there will be one digital signal,

associated with each feeder phase of the system. Moreover, the digital signal associated

with a feeder phase will encode a digital version of an analog signal received at the

substation receiver through that particular feeder phase.

[00101] To conceptualize the data stream, digital signals arriving from respective

feeder phases are synchronized in time. The samples in the data stream are aligned in

such a manner that the same sample numbers between receivers represent the same

point in time. At sample time, the FIM gets data from all channels at substantially that

time. The channel data comes in in parallel and a GPS signal helps synchronize the data

to each other. In an approach, the digital signals are locked to within 1 sample of each

other (depending on what sample rate). Capture point of the digital signals is implicitly

tracked based on the hardware circuitry, e.g., the specific A/D circuit, so that the system

knows which feeder phase each digital signal came in on.

[00102] See, for example, FIG. 4, which depicts a portion of the system shown in

FIG. 3. As depicted in FIG. 4, there are a plurality of loops 426 that connect downstream

to FPCTs 425 (FIG. 3) of respective different feeders and one of the three phases on each

feeder. As depicted in the figure, there are three electrical lines each coupled to a

respective loop 426 on one end and the other end is coupled to the input of a respective

A/D converter 422. The output of the A/D converter 422 is coupled to a respective

storage location in a data stream 516 to store the digital representation of the incoming

analog signal. The data stored in data stream 516 is subsequently time aligned by arrival

time to the substation receiver and then stored in the time aligned buffer 505. In a

preferred approach, all of the channels are received at substantially the same time,

digitized at substantially the same time, and stored in a respective location at

substantially the same time. In an approach, zero cross data reflecting the phase or time



offset of the current on the grid at the time that the rest of the channels are being

processed. In an approach, a time stamp, e.g., T base, reflective of the time that the

signal was received at the substation is also digitized and stored along with each feeder.

[00103] In an aspect, a data stream 505 of the invention stores many rows of data,

although one row of data is shown in FIG. 4, where the number of the rows will be

system specific. In an embodiment, 60 rows of data before and 60 rows of data after a

time t, is stored and is generally sufficient to enable a processing unit lag behind and not

be required to process all of the data from the channels in real time; instead it can

operate in "near real time." See, for example, FIG. 5, which depicts a representation of a

portion of a data stream 505. The data stream depicts horizontal rows of data, where

each row includes representing data from Feeder 1, Feeder 2, .. ., Feeder n, where each

Feeder has a respective three phases of data. The data stream 505 depicted is

representational of the entire data stream 505, which is substantially continuous in time.

The data stream of FIG. 5 depicts the digital data of Time t as well as a few rows of data

collected before and after Time t . In other terms, the data stream is a circular buffer

whereby data in the stream can be accessed for a period of time, depending on how big

(how much time is saved) the stream is and how often new data is added.

[00104] In another perspective, as depicted in FIG. 6, the data stream is

substantially continuous and is not segmented into packets as might be suggested by

FIG. 5. When analyzing the data of the data stream, the FIM examines a chunk of data

stream - it takes data starting at a certain time, e.g., x, across all channels for a specified

length of time. At a subsequent time, the FIM examines another data chunk of data

stream starting at a different time from t, e.g., t + delta. In an approach, as the invention

analyzes data in the data stream 505, the system may analyze at least partially

overlapping data chunks.



[00105] This approach of storing a data stream provides increased flexibility in

data analysis, include the ability to randomly access the data in the buffer. Typically, in

current analysis systems, data flows through the systems like an actual stream; the

systems can't back up and examine data back in time. Further the current analysis

systems can't examine data more than once, or realign data. Therefore the present

implementation provides a great flexibility in be ability to analyze the data. In a

limitless environment, the continuous stream of data would be stored and always be

accessible. In an approach, sixty (60) seconds of data across all the channels is stored.

Therefore, in the middle of the data stream there would be approximately thirty (30)

seconds in front and behind that time.

[00106] This implementation of a continuous data stream having a stored segment

creates an increase in the elasticity of the invention. Part of the data stream is

implemented using buffers, such that if a compute step falls behind, there is no loss of

data. Ideally, the buffers hold data until the system performs the actions that need to be

done. In implementation, the FIM uses the data stream to access stream at a time for a

certain length of time which can provide a big chunk of data. The FIM processes which

are processing the data stream are generally not aware and do not need to be aware of

how the data is being stored or provided in the data stream. In a preferred approach, the

FIM employs a multi-threaded approach to processing data in the data stream,

preferably having a unique process for each of the channels, i.e., each of the feeder phase

combinations. In a current implementation, the FIM extracts a data chunk, a certain

portion from the data stream. Currently the chunk is set to 4 seconds in length, although

any length can be set.

[00107] In an embodiment of the invention, the FIM seeks to detect the GLA

signal. As indicated above, it can be difficult to detect the actual GLA signal due to the



signal being affected by characteristics of the grid. This difficulty can be magnified by

the imperfect timing synchronization between the FIM and the downstream

transmitters, such that the FIM does not know where, e.g., at what time, in the data

stream the GLA signal is located. These effects, separately or in combination, can also

make it difficult to accurately determine the feeder phase from which the signal

originates.

[00108] FIG. 7 depicts signal processing that takes place within the processing

element 634. As indicated, the analog-to-digital converters 624 receive respective current

inputs and voltage references from the feeder phases. The ADCs produce respective

digital signals 625 which are stored in a buffer 626. The processing element 634 acts to

synchronize data streams of the respective digital signals within the buffer and

thereafter to determine zero crossings of voltage 622 and current 620 by analysis of the

data streams.

[00109] FIG. 8 depicts a simplified data flow diagram illustrating a method for

detecting a GLA signal and for identifying the feeder and phase associated with that

signal. A plurality of incoming signals, received from the electrical distribution grid, are

digitized to form digital signals 750 which are stored as time-aligned data streams in a

buffer 710. In certain embodiments, the time aligned data streams will include voltage

reference data 766 and current reference data 768 measured at the substation.

[00110] FIG. 8 shows a portion 752 of the time-aligned data stream within the

buffer 710. In certain embodiments of the invention, aligned portions of the time aligned

data stream are processed concurrently in parallel. It will be appreciated by one of skill

in the art, however, that such parallel processing is not mandatory for operation of all

embodiments of the invention.



[00111] Processing of the time-aligned portions of the data stream proceeds

through pre-processing 712. Preprocessing may, for example, include performing a

digital filtering of the data streams so as to effect a bandpass filtering of the

corresponding digital signals. The resulting band-pass-filtered digital signals 754, are

then further processed through a correlation 714 which compares the respective digital

signals to an encoded reference copy of the GLA signal 756. The correlation produces a

digital correlation output signal 758, which is received into a post-processing step 718.

[00112] In certain embodiments, the postprocessing step 718 will extract an

envelope signal 760 of the digital correlation output signal 758. The envelope signal 760

is further analyzed 761 to evaluate certain correlation metrics 762, which are sorted in a

ranking process 764. One of skill in the art will appreciate that additional metrics 770

may be employed in the ranking process. The sorted metric results 724 are further

evaluated to identify a result 730 which corresponds to the feeder phase electrically

coupled to the downstream transmitter originating the detected GLA signal.

[00113] In certain embodiments, as depicted in FIG. 8, a data stream portion

corresponding to a Feeder Phase, at a time beginning t, is processed. At first the data is

pre-processed 712. Typically, this preprocessing would include running the data

through a bandpass filter that removes portions of the spectrum outside the band of

interest. Notch filters could also be employed to filter out some undesirable signals

within the band of interest, e.g., harmonics, signals around the fundamental frequency

and/or signals around harmonics of the fundamental frequency of the electrical system.

[00114] The resulting pre-processed signal is then provided to a correlation

process 714 which cross-correlates the pre-processed time domain signal with a reference

GLA signal, employing a FFT-based process. One of skill in the art will appreciate that

both time domain and frequency domain cross-correlation techniques may be applied.



[00115] The signals resulting from the correlation process are then post processed

718 (in some cases, employing a low pass filter), to achieve an envelope of the correlation

signal. The resulting envelope signal from the post processing is further processed to

derive a collection of correlation metrics that relate to a degree of correspondence

between the GLA signal and the reference GLA signal. These metrics are stored in a data

store 722. The resulting correlation metrics (and potentially other metrics 770) are used

to rank the signals, and the best signal is selected as the result 730.

[00116] FIG. 9 depicts a simplified logic flow diagram for the FIM processing to

detect a GLA signal and identify the phase and feeder where the signal originated. One

of skill in the art will appreciate that the processing illustrated in figure 9 will execute

iteratively and continuously.

[00117] GLA detection process segment S1020 shows one approach to detecting

the GLA signal (if present) by correlation with a reference GLA signal. The first state

encountered in the logic flow is referred to as the GLA Detection state. In this state, a

request is made to the data stream for a user-specified matrix of time-domain digital

samples for all feeder phases. A reference GLA signal is cross-correlated against the

array of time-domain samples.

[00118] In one embodiment, the resulting metrics collected from this state are one

or more of crest factor, kurtosis, the peak cross-correlation value, and the sample number

of this peak value relative to the requested data. One of skill in the art will appreciate

that these metrics, and others, will correspond to the metrics 762 and 770.

[00119] In one embodiment, data for all feeder phases of interest is requested from

the data stream and the returned data is sliced and given to multiple threads. In certain

embodiments, there is a one-to-one correspondence between threads and feeder phase



signals to process. Furthermore, in some embodiments, the threads associated with

these processes need not share memory.

[00120] Each thread executes a cross-correlation algorithm on its associated data

slice. In one embodiment, a data slice first goes through a channel-dependent

conditioning algorithm that filters unwanted noise effects. In the current context, this

may include in-band electrical system fundamental harmonic frequencies. The

preprocessing algorithm may be static, or dynamic. Pre-processing algorithms typically

include band pass filters, e.g., FIR, IIR, and notch filters, but are not limited to those

filters.

[00121] The filtered data is then cross-correlated with a reference GLA signal. In

one embodiment, each thread has its own reference GLA signal. The cross-correlation

may be executed in the time-domain or the frequency domain. If the cross-correlation

occurs in the frequency domain, then it may make sense to store the reference GLA

signal in the frequency domain as well.

[00122] In one embodiment, all samples generated from the cross-correlation

algorithm (referred to as cross-correlation profile) are retained and its envelope is

extracted. The algorithm used for envelope extraction may be dependent on whether the

cross-correlation occurs in the time or frequency domain.

[00123] If the cross-correlation occurs in the frequency-domain, then a frequency-

domain Hilbert transform may be used for envelope extraction. The function that

produces the envelope cross-correlation profile is described as follows: Letting /(·)

denote a generic representation of a function that has time-domain signals as inputs and

outputs for its time-domain envelope, this algorithm may be summarized by the

following equation:



f{x *y ) = \IFFT{Hilbert(X x (4)

[00124] where Hilbert(-) denotes the frequency-domain Hilbert transformer and

IFFT - denotes the inverse Fast Fourier Transformed, as is common practice.

[00125] In a preferred approach, GLA correlation metric functions associated with

each thread are applied. More specifically, crest factor and kurtosis algorithms are

applied to the cross correlation profile of each feeder phase signal. Although these GLA

correlation metric functions are typically not suitable for systems operating on a sample-

by-sample basis (as they generally require large amounts of data to be meaningful), these

functions are applied because they are amplitude independent and are capable of

capturing the shape of the underlying signal. In the GLA Detection context, these

functions are effective for capturing the sharpness of the cross-correlation profile when a

GLA signal is present in the data slice.

[00126] For example, if x denotes a cross-correlation profile computed over an

arbitrary feeder phase signal, the crest factor can be computed as follows: let

[00127] be a sequence of real numbers, then:

[00128] is the root mean square of the sequence. With this definition, the crest

factor of the sequence x may be expressed as:

max(|x|)crest(x) = (7)

[00129] where



[00130] is the sequence of absolute values. Kurtosis is defined to be:

[00131] where is the mean value of the sequence x.

[00132] Every feeder phase signal is given a score based on crest factor and

kurtosis. Then a final score is computed based one or more resulting metrics, where the

sub final score is the Euclidean norm or the scaled norm of those metric. After acquiring

the sub final score, the FIM sorts the channels based their sub final score. Subsequent to

this sorting, the FIM normalizes the sorted list and that provides the final score.

[00133] Although the foregoing discussion is based on the using crest factor and

kurtosis as GLA correlation metric functions, other approaches separately or in

combination can be employed. Using crest factor provides a signal-to-noise ratio (SNR)

like quality to the cross correlation profile and kurtosis provides a measure of the

peakedness of the cross correlation profile. Other approaches include, but are not limited

to, using a skew algorithm.

[00134] Thus, after application of the GLA correlation metric functions, the likely

presence of a GLA signal is indicated.

[00135] If the cross-correlation attains, or exceeds, a user-specified GLA detection

threshold level on at least one channel, then the process continues to the GLA Alignment

process segment S1024.

[00136] A GLA detection threshold level may be programmed into the parameters

of the system. In general, the threshold level is provided by a user or controller of the



system. In another approach, adaptive learning is applied to determine and set a

threshold level. In an approach, the threshold level is based on empirical evidence to

establish its value. In general the value of the threshold level is based on crest factor and

the number may change over time, and may change depending on characteristics of the

distribution grid.

[00137] If the cross-correlation fails to attain the user-specified threshold level on

all channels, then the GLA Detection state is repeated in process segment S1020. If no

GLA signal is found, the process continues to segment S1022, where a later sample of the

data stream is requested. If a GLA signal is found, then the process continues to segment

S1024.

[00138] In segment S1022, the FIM adjusts the start time of the data stream that is

being analyzed. For example, if the current data stream start time is x, where x = 12

seconds, then x is adjusted by an x delta. For example, in one embodiment, the increment

x delta might equal 0.25 seconds, thus x = 12 second + x delta = 12.25 seconds.

[00139] If no GLA signal is found during GLA detection, then a later portion of

the data stream is evaluated, looking again for the next GLA signal. In one embodiment,

the time advancement is set to ¼ second, but this will be configured by a practitioner of

ordinary skill in the art according to the requirements of a particular application. The

time advancement increment is chosen in a manner to avoid missing GLA signals that

are present.

[00140] In the GLA alignment process information from the previous alignment

step is used to request new data from the data stream. The start of the new data is

aligned relative to an estimated location where the GLA signal begins in the data stream.

In a particular embodiment, data is requested from a time one half second prior to the



time of the beginning of the GLA signal and for a duration sufficient to capture the entire

GLA preamble, data packet portion, and additional samples beyond.

[00141] If the GLA Alignment state is initiated, then there is at least numerical

evidence that the GLA signal is present in at least one feeder phase signal and has

enough power compared to the noise to warrant further investigation, e.g., the signal

was above a GLA detection threshold level.

[00142] If at least one channel contains sufficient signal, further processing is

executed by subsequent processes: GLA metric calculation and feeder phase

determination S1029, Voltage angle calculation and termination S1026, and message

demodulationS1028. These measurements are completely independent and therefore, in

one embodiment, may be performed in parallel.

[00143] In circumstances where it appears that there might be a GLA signal

present, but none is found, i.e., if sufficient energy is present such that one would expect

a GLA signal, but a GLA signal is not identified by the end of the GLA alignment

segment S1024, then process flow continues to S1022 where selection time is adjusted.

[00144] S1026 is the Voltage Angle measurement process. The Voltage Angle

measurement process is intended to determine what, if any, difference in time exist

between the zero cross, i.e., when the downstream transmitter dispatched its signal, and

when the signal was received by the substation receiver.

[00145] In a preferred approach, the GLA alignment process results in getting a

sharp correlation between the received GLA signal and the reference GLA signal. When

a strong correlation signal is present, the FIM can back up and determine that the signal

must have been received at time x, even though the system is currently at time t . By

virtue of a sharp correlation, between the GLA signal and the reference GLA signal, it is



possible to derive an accurate measurement of when the GLA signal arrived at the FIM.

This accurate time measurement can be used to bound the extent of data required from

the data stream to calculate the zero crossing of the appropriate voltage reference. This is

used to perform the voltage angle calculation described above.

[00146] In various embodiments, information from the voltage angle

measurement S1026 and the demodulation measurement S1028 can be used in the

disambiguation step S1030. In such circumstances, both the voltage angle measurement

and the demodulation measurement must be performed before the disambiguation step.

[00147] The Demodulation process S1028 is intended to demodulate messages on

multiple feeder phases over multiple center frequencies. Center frequency is context

specific, and depends on the underlying modulation scheme. In one embodiment, a

modulator/demodulator (modem) uses a single carrier and the center frequency

corresponds to this carrier frequency.

[00148] In another embodiment, the modem uses multiple carriers. In one

embodiment the data requested from the data stream includes only the message portion

of the packet, not the GLA preamble. In one embodiment, demodulation is performed on

all feeder phases across all center frequencies. In another embodiment, demodulation is

performed on only those feeder phase signals in which a GLA signal was detected.

[00149] There are several ways to demodulate over the multiple center frequencies

for each relevant feeder phase. In one embodiment, demodulation is performed over all

center frequencies until a threshold defined over a demodulator-centric performance

metric is exceeded, in which case the demodulation task associated with the channel is

terminated. If the defined threshold is not exceeded, then the results for the center

frequency yielding the greatest demodulator-centric metric are preserved for later



processing.

[00150] In another embodiment, demodulation is performed over all center

frequencies and the correct, or optimal, center frequency is derived after the fact. Like

the previous embodiment, the optimal center frequency comes from the specification of

a demodulator-centric metric.

[00151] For a given downstream transmission, the GLA signal may be seen on any

number of feeder phases, or it may not be seen on any. A potential cause of this effect is

crosstalk between feeders and phases.

[00152] The demodulated payload data can contain any of various types of

information, including grid measurements. For example, the downstream transmitter

can be configured to measure voltage and power consumed locally.

[00153] The purpose of the Disambiguation process is to aggregate and prepare

the results from the GLA Alignment, Grid Measurement, voltage angle measurement

and Demodulation processes, as made across all feeder phases, in preparation for

reporting. In one embodiment, the preparation involves sorting all feeder phases based

on one or more metrics derived from the aggregated results for the feeder phases. In

another embodiment, the preparation involves sorting the feeders and then sorting the

phases, separately.

[00154] Upon completion of the Disambiguation process, the process continues to

the report generation process S1032. The Report Generation process takes the

aggregated, sorted output structure generated from the Disambiguation process, formats

the data into a serializable data format, and preserves the resulting content. In one

embodiment, the content is written to a disk and later preserved in a managed database.

In another embodiment, the content is written directly to a managed database.



[00155] At the end of the report generation process, the process continues to GLA

detection state SI 020 with a larger time adjustment adequate to step past the current

transmission.

[00156] While the invention has been described and illustrated with reference to

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 invention. For example, the discussion above mostly discloses applications

of the invention with respect to a TDMA communication system, however the invention

is not so limited, and other communications systems, e.g., FDMA, can be employed

which would require modifying the communication operation and processing to reflect

the chosen communication system. Furthermore, although the invention is described

with respect to employing a GLA signal the invention is not so limited and other

appropriate data burst header data can be employed with a corresponding change in the

system to recognize and process the chosen header data. Accordingly, the invention is

not to be considered as limited by the foregoing description but is only limited by the

scope of the claims.



CLAIMS

1. A system for determining a feeder and phase of an origin of a message

received om a downstream transmitter on an electrical distribution grid,

the system comprising:

a network comprising at least one medium voltage electrical distribution

grid, wherein the at least one medium voltage electrical distribution grid

comprises at least one distribution substation containing at least one

distribution transformer, and at least one low-voltage network comprising

a service transformer supplying power to at least load;

at least one Computing Platform for each of the at least one distribution

substations containing at least one substation transformer;

at least one Substation Receiver hosted on or in communication with the

at least one Computing Platform; and

at least one downstream transmitter being electrically coupled to said at

least one distribution substation transformer, wherein the downstream

transmitter is configured to transmit a message that includes a GLA signal

that is received by the Substation Receiver, said substation receiver being

configured to analyze said message and determine a phase of said

substation distribution grid that includes said downstream transmitter.



2. A system as in claim 1 where phase is determined by a correlation

method.

3. A system as in claim 1 where phase is determined by a phase timing

method.

4. A system as in claim 1 where phase is determined by a combination of a

correlation method and a phase timing method.

5. A system as in claim 2, where said correlation method further comprises

analyzing a GLA signal from said message.

6. A system as in claim 5, where said correlation method further comprises

substantially correlating said analyzed GLA signal to a reference GLA

signal.

7. A system as in claim 5, where said correlation method further comprises

substantially cross correlating said analyzed GLA signal to a reference

GLA signal.

8. A system as in claim 6, further comprising applying analytics to the result

of correlating said analyzed GLA signal to a reference GLA signal.

9. A system as in claim 8, where analytics include at least one of kurtosis and

crest factor.

10. A system as in claim 9, where said analytics further comprises

determining whether a sharp correlation occurs.



A system as in claim 10, where said analytics further comprises

determining where said sharp correlation occurs.

A system as in claim 8, where said analytics of said correlation method

further comprises determining a transmission receipt time at said

substation receiver.

A system as in claim 3, further comprising determining a time that said

message was received by said substation receiver.

A system as in claim 13, further comprising determining a zero cross of a

voltage of said substation transformer, said zero cross being closest in

time to said message received time.

A method for identifying a feeder and phase connected to a schematic

location on a power distribution grid, said schematic location being

signalingly connected to a downstream transmitter, said method

comprising:

for a first feeder phase of said distribution substation, performing a sub-

process, said sub-process including:

receiving an incoming analog signal at a distribution substation

from said downstream transmitter and digitally processing said

incoming analog signal to produce a digitally encoded input signal,

said incoming analog signal including a reference signal portion;

bandpass filtering said digitally encoded input signal to produce a

digitally encoded pass-band-limited signal;

evaluating a relationship between said digitally encoded pass-



band-limited signal and locally stored data related to said reference

signal, so as to produce a digitally encoded signal;

processing said digitally encoded signal to produce a digitally

encoded envelope signal;

evaluating said digitally encoded envelope signal to produce at

least one metric value related to said digitally encoded envelope

signal and to said incoming analog signal;

for at least one additional feeder phase of said distribution

substation, repeating the foregoing sub-process so as to produce at

least one additional metric value related to at least one additional

digitally encoded envelope signal and at least one additional

analog signal; and

comparing said metric values of said first feeder phase and said at

least one additional feeder phase so as to identify said schematic

location on said power distribution grid of said downstream

transmitter.

16. The method of claim 15, wherein said digitally encoded input portion

comprises a first digital reference signal portion and a second digital

payload portion.

17. The method of claim 15, wherein said at least one metric comprises a

kurtosis metric.

The method of claim 15, wherein said at least one metric comprises a crest

factor metric

19. The method of claim 15, wherein said at least one metric comprises an



RMS value metric.

20. The method of claim 15, wherein said processing incoming analog signal

further comprises:

analog-to-digital conversion of said analog signal; and

digital signal processing of an output of said analog-to-

digital conversion with a digital computer.

21. A method for identifying a phase of an electrical distribution grid having

a downstream transmitter upon which a characterizing signal has been

received from said downstream transmitter on said phase, said method

comprising:

providing a distribution substation having a distribution transformer;

providing at least one feeder coupled to said distribution transformer,

said at least one feeder having three phases;

providing a downstream transmitter electrically coupled to one of said

three phases;

providing a substation receiver being respectively signally coupled to said

three phases;

causing said downstream transmitter to transmit a characterizing signal

on said one of three phases;

storing by said substation receiver signals respectively received on each of

said three phases;

determining whether at least one of said received signals substantially

includes said characterizing signal;

and



if at least of one said received signals does substantially include a

characterizing signal, determining which of said three phases is coupled

to said downstream transmitter that transmitted said characterizing

signal.

22. The method as in claim 21 further comprising:

cross correlating each of said received signals with a reference

characterizing signal, respectively.

23. The method as in claim 22 further comprising:

applying correlation metrics to a results of said cross correlating,

respectively.

24. The method as in claim 23 further comprising:

applying ranking metrics to a results of said correlation metrics,

respectively.

25. The method as in claim 23 further comprising:

selecting a best ranked result of said ranking metrics.
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