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SYSTEMS AND METHODS FOR IDENTIFYING
ANOMALOUS EVENTS FOR ELECTRICAL SYSTEMS

CROSS-REFERENCE TO RELATED APPLICATIONS
[0001] This application claims the benefit of and priority to U.S. Provisional Patent
Application No. 62/694,432, filed July 5, 2018, the entire disclosure of which is incorporated

herein by reference.

TECHNICAL FIELD
[0002] The present disclosure relates to systems and methods for identifying and

reporting potential upcoming anomalous events for an electrical system.

BACKGROUND

[0003] Photovoltaic (PV) solar plants are susceptible to interruptions caused by, for
example, overheating, broken equipment, or a decrease in the amount of sunlight available.
These events must be rectified or compensated for so that the plant can meet its obligations to
consumers and/or government regulators. Other electrical systems suffer from similar
anomalous events that can cause disruptions in service.

[0004] Most events do not spontaneously appear but, instead, are the result of
degradation over time or are part of some pattern. These patterns are usually difficult to notice.
As aresult, most problems only become apparent to the operator after a device fails to perform

as expected.

SUMMARY

[0005] According to one aspect of the present disclosure, a method may comprise
segmenting first time series data representing one or more characteristics of an electrical system
into afirst plurality of data segments, assigning a time-to-event parameter to each of the first
plurality of data segments, each time-to-event parameter representing an amount of time
between the data in the corresponding data segment and an anomalous event associated with the
electrical system, and training a neural network using the first plurality of data segments
together with the assigned time-to-event parameters.

[0006] In some embodiments, the first time series data may be generated by one or more
sensors measuring the one or more characteristics of the electrical system.

[0007] In some embodiments, the first time series data may be collected from at least

one of a solar panel array and adirect current to alternating current inverter.



WO 2020/010291 PCT/US2019/040664

S0

[0008] In some embodiments, the method may further comprise segmenting second
time series data representing the one or more characteristics of the electrica system into a
second plurality of data segments, and inputting one or more of the second plurality of data
segments to the trained neural network to output a predicted time-to-event parameter for each
inputted data segment, the predicted time-to-event parameter representing a predicted amount
of time between the data in the inputted data segment and a predicted anomalous event
associated with the electrical system.

[0009] In some embodiments, the second time series data may represent the one or more
characteristics of the electrical system during alater time period than the first time series data.
[0010] In some embodiments, each of the second plurality of data segments may be
input to the trained neural network in real time as the second time series data is collected and
segmented.

[0011] In some embodiments, the first time series data and the second time series data
may each be collected from at least one of a solar panel array and adirect current to alternating

current inverter.

[0012] In some embodiments, the electrical system may be a solar power plant or a
subsystem thereof.
[0013] In some embodiments, the anomalous event may correspond with overheating of

the electrical system.

[0014] In some embodiments, the anomalous event may correspond with a decrease in
available sunlight.

[0015] In some embodiments, the anomalous event may correspond to a reduction in
power generation by the solar power plant.

[0016] In some embodiments, the anomalous event may correspond to a disruption in

service of the electrical system.

[0017] In some embodiments, the electrical system may consist of a single electrical
device.
[0018] In some embodiments, the electrical system may comprise a collection of

multiple electrical devices.

[0019] According to another aspect of the present disclosure, a method may comprise
segmenting live time series data representing one or more characteristics of an electrical system
into a plurality of live data segments, and inputting one or more of the plurality of live data

segments to a trained neural network to output a predicted time-to-event parameter for each
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inputted data segment, the predicted time-to-event parameter representing a predicted amount
of time between the data in the inputted data segment and a predicted anomalous event
associated with the electrical system, where the trained neural network was previously trained
using a plurality of historical data segments each having an assigned time-to-event parameter,
the plurality of historica data segments being generated from historical time series data
representing the one or more characteristics of the electrical system, each assigned time-to-
event parameter representing an amount of time between the data in the corresponding data
segment and a historical anomalous event associated with the electrical system.

[0020] In some embodiments, the time series data may be generated by one or more
sensors measuring the one or more characteristics of the electrical system.

[0021] In some embodiments, first time series data may be collected from at |east one of
asolar panel array and adirect current to alternating current inverter.

[0022] In some embodiments, the electrical system may be a solar power plant or a
subsystem thereof.

[0023] In some embodiments, the anomalous event may correspond with overheating of
the electrical system.

[0024] In some embodiments, the anomalous event may correspond with a decrease in
available sunlight.

[0025] In some embodiments, the anomalous event may correspond to a reduction in
power generation by the solar power plant.

[0026] In some embodiments, the anomalous event corresponds to a disruption in

service of the electrical system.

[0027] In some embodiments, the electrical system may consist of a single electrical
device.
[0028] In some embodiments, the electrical system may comprise a collection of

multiple electrical devices.

[0029] According to dtill another aspect of the present disclosure, one or more
computer-readable media may store a plurality of instructions that, when executed by a power
controller operatively connected to (i) a least one solar panel array and (ii) an inverter
electrically coupled to the at least one solar panel array, cause the power controller to perform
any of the methods described above and throughout this disclosure.

[0030] According to yet another aspect of the present disclosure, apower controller may

be configured to perform any of the methods described above and throughout this disclosure.
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In some embodiments, the power controller may be operatively connected to (i) at least one
solar panel array and (ii) an inverter electrically coupled to the at least one solar panel array. In
some embodiments, the power controller, the at least one solar panel array, and the inverter may

be incorporated in apower plant.

BRIEF DESCRIPTION OF THE DRAWINGS
[0031] The concepts described in the present disclosure are illustrated by way of

example and not by way of limitation in the accompanying figures. For simplicity and clarity
of illustration, elements illustrated in the figures are not necessarily drawn to scale. For
example, the dimensions of some elements may be exaggerated relative to other elements for
clarity. Further, where considered appropriate, reference labels have been repeated among the
figures to indicate corresponding or analogous elements. The detailed description particularly
refers to the accompanying figures in which:

[0032] FIG. lis asimplified block diagram illustrating an exemplary layout for a solar
plant utilizing event prediction to detect potential losses in power generation;

[0033] FIG. 2 is a simplified diagram illustrating one possible embodiment of the
architecture of the presently disclosed neural network; and

[0034] FIG. 3isasimplified graph illustrating one example of data to be input into the

presently disclosed neura network.

DETAILED DESCRIPTION OF THE DRAWINGS
[0035] While the concepts of the present disclosure are susceptible to various

modifications and alternative forms, specific embodiments thereof have been shown by way of
example in the figures and will be described herein in detail. It should be understood, however,
that there is no intent to limit the concepts of the present disclosure to the particular forms
disclosed, but on the contrary, the intention is to cover al modifications, equivaents, and
alternatives consistent with the present disclosure and the appended claims.

[0036] References in the specification to “one embodiment,” “an embodiment,” “an
illustrative embodiment,” etc., indicate that the embodiment described may include a particular
feature, structure, or characteristic, but every embodiment may or may not necessarily include
that particular feature, structure, or characteristic. Moreover, such phrases are not necessarily
referring to the same embodiment.  Further, when a particular feature, structure, or

characteristic is described in connection with an embodiment, it is submitted that it is within the
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knowledge of one skilled in the art to effect such feature, structure, or characteristic in
connection with other embodiments whether or not explicitly described.

[0037] The disclosed embodiments may be implemented, in some cases, in hardware,
firmware, software, or any combination thereof. The disclosed embodiments may aso be
implemented as instructions carried by or stored on a transitory or non-transitory computer-
readable storage medium, which may be read and executed by one or more processors. A
computer-readable storage medium may be embodied as any storage device, mechanism, or
other physical structure for storing or transmitting information in a form readable by a
computing device (e.g., avolatile or non-volatile memory, amedia disc, or other media device).
[0038] In the drawings, some structural or method features may be shown in specific
arrangements and/or orderings. However, it should be appreciated that such specific
arrangements and/or orderings may not be required. Rather, in some embodiments, such
features may be arranged in a different manner and/or order than shown in the illustrative
figures. Additionally, the inclusion of astructural or method feature in a particular figure is not
meant to imply that such feature isrequired in all embodiments and, in some embodiments, may
not be included or may be combined with other features.

[0039] The presently disclosed systems and methods operate using segmented time
series data, collected from an electrical system (which may be a single electrical device or a
collection of multiple electrical devices), with a neural network 200 designed to predict afuture
anomalous event affecting the electrical system and the amount of time before said event. In
particular, the neural network 200 receives segmented time series data representing any number
of characteristics of the electrical system, which may be naturally occurring and/or controlled
by the operator, and predicts anomalous events which could result in areduction or cessation of
power generation or transmission if not addressed. Each segment of time series data input to the
neural network is assigned a time-to-event parameter, which represents the amount of time
between the data and a known anomalous event (for data used in training the neural network
200) or the amount of time until a predicted anomalous event is likely to occur (for live data
input to the neural network 200 for analysis).

[0040] FIG. 1illustrates, in a simplified block diagram, a simplified layout 100 of a
power plant 102 that uses the event prediction methods described herein. The power plant 102
includes a power controller 120 that is operatively connected to one or more solar panel arrays
130 via a direct current (DC) to dternating current (AC) (DAC) inverter 140. The power

controller 120 is further communicatively coupled to a system operator 104 and is configured to
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dynamically control performance of the DAC inverter 140. The DAC inverter 140 is used in
solar power generation and may be programmed to provide ancillary services, such as, for
example, voltage and frequency regulation, power factor correction, and reactive power control.
Such a DAC inverter 140 may stabilize the power system 100 and compensate rapid
fluctuations in supply and demand that result from intermittent renewable resources. It should
be appreciated that, in some embodiments, the power controller 120 may be embodied as part of
DAC inverter 140.

[0041] The neural network 200 may be a component of the power controller 120, a
component of the DAC inverter 140, or externa to the power plant 102 and accessible through
a network 106. Time series data may be collected from the solar panel array 130, the DAC
inverter 140, the power controller 120, the system operator 104, and/or other components of the
system 100 and sent to the neural network 200 for processing. It is contemplated that time series
data representing any number of characteristics associated with the electrical system being
characterized may be used as inputs to the neural network 200.

[0042] FIG. 2 illustrates a simplified diagram of one embodiment of the neural network
200 for predicting if and when an anomalous event is likely to occur. It should be appreciated
that, in some embodiments, a different number of inputs 220 and/or a different number of
outputs 250 may be present depending on the exact specifications of the system and the need of
the user.

[0043] In the illustrative embodiment, the inputs 220 to the neural network 200 are
segments of time series data collected from or by the components in FIG. 1. This data can
represent natural phenomenon and/or inputs controlled by the user. The outputs of the neural
network 200 are time-to-event parameters. In this example, an output field 251 is labelled “ 1
day”, output field 252 islabeled “2 days,” output field 253 islabeled “3 days,” output field 254
is labeled “4 days,” and output field 255 is labeled “longer.” It is contemplated that other
embodiments of the neural network 200 may use different numbers of outputs and/or different
time scales. For instance, in other embodiments, the outputs 250 may represent time periods of
seconds, minutes, hours, months, years, etc. The time values associated with output field and
the number of output fields may change depending on the application and/or the needs of the
user.

[0044] Referring now to FIG. 3, a simplified graph is shown with time series data
representing a characteristic of the DAC inverter 140 before an anomalous event. The x-axis of

the graph represents the amount of time before the event, and the event occurs on the left side of
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the graph where x=0. This means that time flows from right to left on the x-axis, as the
rightmost part of the graph represents the greatest amount of time before the event. The y-axis
of the graph isthe value of the characteristic under measurement (in this case, output current of
the DAC inverter 140). The data in this graph shows the value of the characteristic as it gets
closer to the anomalous event. As one moves from right to left on the x-axis, the data begins to
fluctuate and deviate from its regular pattern.

[0045] The neural network 200 is trained by feeding it data from signals similar to that
shown in FIG. 3. The brackets 300 represent one exemplary data segment in the time series data
of FIG. 3. Before being input to the neural network 200, the time series data is segmented into
a plurality of data segments. For historical data used in training the neural network 200, the
data segments are each assigned a time-to-event parameter representing the amount of time
between the collection of the data in that segment and aknown anomalous event that occurred
after that data was collected. Each of the plurality of data segments, aong with their assigned
time-to-event parameters are input to the neural network 200 to train the network regarding the
relationship(s) between the data and the time-to-event parameters.

[0046] After training, live (or recently collected) time series data can be segmented into
similar data segments and input to the neural network 200. The trained neural network will
then output a predicted time-to-event parameter for each inputted data segment. In this way,
future anomaous events, as well as the amount of time until those events occur, can be
predicted from the live data.

[0047] While certain illustrative embodiments have been described in detail in the
figures and the foregoing description, such an illustration and description isto be considered as
exemplary and not restrictive in character, it being understood that only illustrative
embodiments have been shown and described and that all changes and modifications that come
within the spirit of the disclosure are desired to be protected. There exist a plurality of
advantages of the present disclosure arising from the various features of the apparatus, systems,
and methods described herein. 1t will be noted that alternative embodiments of the apparatus,
systems, and methods of the present disclosure may not include all of the features described, yet
still benefit from at least some of the advantages of such features. Those of ordinary skill in the
art may readily devise their own implementations of the apparatus, systems, and methods that

incorporate one or more of the features of the present disclosure.
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1. A method comprising:

segmenting first time series data representing one or more characteristics of an electrical
system into afirst plurality of data segments,

assigning a time-to-event parameter to each of the first plurality of data segments, each
time-to-event parameter representing an amount of time between the data in the corresponding
data segment and an anomal ous event associated with the electrical system; and

training a neural network using the first plurality of data segments together with the
assigned time-to-event parameters.

2. The method of claim 1, wherein the first time series data are generated by one or
more sensors measuring the one or more characteristics of the electrical system.

3. The method of claim 2, wherein the first time series data are collected from at
least one of a solar panel array and adirect current to alternating current inverter.

4. The method of any preceding claim, further comprising:

segmenting second time series data representing the one or more characteristics of the
electrical system into a second plurality of data segments; and

inputting one or more of the second plurality of data segments to the trained neural
network to output a predicted time-to-event parameter for each inputted data segment, the
predicted time-to-event parameter representing a predicted amount of time between the data in
the inputted data segment and a predicted anomalous event associated with the electrical
system.

5. The method of claim 4, wherein the second time series data represents the one or
more characteristics of the electrical system during alater time period than the first time series
data.

6. The method of claim 5, wherein each of the second plurality of data segmentsis
input to the trained neural network in real time as the second time series data is collected and
segmented.

7. The method of any one of claims 4-6, wherein the first time series data and the
second time series data are each collected from at least one of a solar panel array and a direct
current to alternating current inverter.

8. The method of any preceding claim, wherein the electrical system is a solar
power plant or a subsystem thereof.
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9. The method of clam 8, wherein the anomalous event corresponds with
overheating of the electrical system.

10. The method of claim 8, wherein the anomalous event corresponds with a
decrease in available sunlight.

11. The method of any one of claims 8-10, wherein the anomalous event
corresponds to areduction in power generation by the solar power plant.

12. The method of any preceding claim, wherein the anomalous event corresponds
to adisruption in service of the electrical system.

13. The method of any preceding claim, wherein the electrical system consists of a
single electrical device.

14. The method of any one of claims 1-12, wherein the electrical system comprises a
collection of multiple electrical devices.

15. A method comprising:

segmenting live time series data representing one or more characteristics of an electrical
system into aplurality of live data segments; and

inputting one or more of the plurality of live data segments to atrained neural network
to output a predicted time-to-event parameter for each inputted data segment, the predicted
time-to-event parameter representing a predicted amount of time between the data in the
inputted data segment and a predicted anomalous event associated with the electrical system;

wherein the trained neural network was previoudly trained using a plurality of historical
data segments each having an assigned time-to-event parameter, the plurality of historical data
segments being generated from historical time series data representing the one or more
characteristics of the electrical system, each assigned time-to-event parameter representing an
amount of time between the data in the corresponding data segment and a historical anomalous
event associated with the electrical system.

16. The method of claim 15, wherein the time series data are generated by one or
more sensors measuring the one or more characteristics of the electrical system.

17. The method of claim 16, wherein first time series data are collected from at |east
one of a solar panel array and adirect current to alternating current inverter.

18. The method of any one of claims 15-17, wherein the electrical system is a solar
power plant or a subsystem thereof.

19. The method of clam 18, wherein the anomalous event corresponds with

overheating of the electrical system.
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20. The method of claim 18, wherein the anomalous event corresponds with a
decrease in available sunlight.

21. The method of any one of clams 18-20, wherein the anomaous event
corresponds to areduction in power generation by the solar power plant.

22. The method of any one of clams 15-21, wherein the anomaous event
corresponds to adisruption in service of the electrical system.

23. The method of any one of claims 15-22, wherein the electrical system consists of
asingle electrical device.

24. The method of any one of claims 15-22, wherein the electrical system comprises
acollection of multiple electrical devices.

25. One or more computer-readable media storing a plurality of instructions that,
when executed by a power controller operatively connected to (i) at least one solar panel array
and (ii) an inverter electrically coupled to the at least one solar panel array, cause the power
controller to perform the method of any one of the preceding claims.

26. A power controller to be operatively connected to (i) at least one solar panel
array and (ii) an inverter electrically coupled to the at least one solar panel array, the power
controller being configured to perform the method of any one of claims 1-24.

27. A power plant comprising:

at least one solar panel array;

an inverter electrically coupled to the at least one solar panel array; and

apower controller operatively connected to the at least one solar panel array and to the
inverter, the power controller being configured to perform the method of any one of claims 1-
24.
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Box No. 11 Observations where certain claims were found unsearchable (Continuation of item 2 of first sheet)

This international search report has not been established in respect of certain claims under Article 17(2)(a) for the following reasons:

1. D Claims Nos.:

because they relate to subject matter not required to be searched by this Authority, namely:

2. D Claims Nos.:

because they relate to parts of the international application that do not comply with the prescribed requirements to such an
extent that no meaningful international search can be carried out, specifically:

3. % Claims Nos.: 7-14, 21-27
because they are dependent claims and are not drafted in accordance with the second and third sentences of Rule 6.4(a).

Box No. II1  Observations where unity of invention is lacking (Continuation of item 3 of first sheet)

This International Searching Authority found muitiple inventions in this international application, as follows:

1. [—__—I As all required additional search fees were timely paid by the applicant, this international search report covers all searchable
claims.

2. D As all searchable claims could be searched without effort justifying additional fees, this Authority did not invite payment of
additional fees.

3. D As oniy some of the required additional search fees were timely paid by the applicant, this international search report covers
only those claims for which fees were paid, specifically claims Nos.:

4. I:I No required additional search fees were timely paid by the applicant. Consequently, this international search report is
restricted to the invention first mentioned in the claims; it is covered by claims Nos.:

Remark on Protest [:l The additional search fees were accompanied by the applicant’s protest and, where applicable, the
payment of a protest fee.

D The additional search fees were accompanied by the applicant’s protest but the applicable protest
fee was not paid within the time limit specified in the invitation.

D No protest accompanied the payment of additional search fees.
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