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TECHNIQUES FOR GEOLOCATION AND CLOUD DETECTION
WITH VOLTAGE DATA FROM SOLAR HOMES

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This application claims benefit of United States patent application serial
number 16/186,450, filed November 9, 2018, which is hereby incorporated herein by

reference.

BACKGROUND

Field of the Various Embodiments
[0002] Embodiments of the present invention relate generally to wireless network
communications and systems and, more specifically, to techniques for geolocation

and cloud detection with voltage data from solar homes.

Description of the Related Art

[0003] A conventional electricity distribution infrastructure includes a plurality of
electricity meters configured to monitor the consumption of electricity at various
locations, including residences and businesses, among others. In many
implementations, each electricity meter is further configured to communicate with a
utility provider that owns and/or operates the electricity distribution infrastructure. In
these implementations, a given electricity meter periodically transmits electricity

consumption data to the utility provider.

[0004] The utility provider collects electricity consumption data from many different
electricity meters and then uses that data to make predictions about future electricity
demand. For example, the utility provider could determine that a spike of electricity
consumption regularly occurs around 6:00pm on weekday evenings (presumably
when many people arrive home from work and begin consuming electricity). The
utility provider could then predict that the demand for electricity should increase
around 6:00pm on any given weekday. As a general matter, predicting the demand
for electricity allows the utility provider to scale electricity production, as needed, to
meet that predicted demand, which improves the efficiency with which electricity is

provided.

[0005] Electricity meters oftentimes are installed at locations that use solar panels

to generate electricity. For example, a so-called “solar home” could have solar panels
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on the roof that generate electricity from sunlight. To some degree, the generated
electricity at a given location offsets the amount of electricity consumed at that
location. Accordingly, to accurately predict the net electricity consumption at such a
location, the amount of electricity generated at the location needs to be computed.
Notably, however, predicting the amount of electricity generated via solar panels can
be difficult. In particular, the amount of electricity generated by a solar panel varies
based on the amount of solar irradiance at the solar panel. On a given day, for
example, the amount of solar irradiance at a given solar panel location can vary, at
least in part, due to the amount of cloud cover present at that location throughout the

day.

[0006] Various approaches to short-term weather forecasting (termed
“nowcasting”) have been developed to estimate the amount of solar irradiance within
a given region or at a given location based on the amount of cloud cover. Based on
such estimates, a utility company can attempt to predict the amount of electricity
generated by solar panels within that given region or at that given location in an effort

to derive more accurate predictions of electricity demand.

[0007] One approach to nowcasting involves estimating solar irradiance based on
images captured from one or more satellites that depict the cloud cover across a
broad region of land. However, satellite-based nowcasting is typically quite expensive
because of the cost involved in launching and maintaining satellites. Satellite-based
nowcasting also can be inaccurate due to the low resolution with which satellite
images are typically captured. Finally, satellite-based nowcasting can suffer from
periodic unavailability depending on the orbital trajectories of the satellites used to

capture the images.

[0008] Another approach to nowcasting involves estimating solar irradiance at a
specific location using a skyward facing camera capable of capturing high-resolution
images of clouds. However, this ground-based nowcasting approach is somewhat
expensive because camera usually includes costly optics designed to capture high-
resolution, wide-angle images. Ground-based nowcasting also can be inaccurate
because images of clouds do not necessarily indicate how much solar irradiance
arrives at the ground. Additionally, ground-based nowcasting is available only at the
specific location where the camera is deployed and is not available in areas where the

camera is not deployed.
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[0009] As the foregoing illustrates, what is needed in the art are more effective
ways to predict the amount of electricity generated by solar panels within a given

region or at a given location.

SUMMARY

[0010] Various embodiments include computer-implemented method for near-term
solar forecasting via a network of nodes, including measuring, at a first node, a first
plurality of voltage fluctuations within a first power line to generate a first voltage time
series, where the first node resides at a first location within the network and is
coupled to the first power line, and one or more of the voltage fluctuations occur in
response to changes in solar irradiance at the first location, generating, at the first
node, a first cross-correlation between the first voltage time series and a second
voltage time series generated by a second node, where the second nodes resides at
a second location within the network and communicates with the first node via the
network, determining, at the first node, a first time offset based on the first cross-
correlation, where the first time offset indicates a first delay between a first voltage
fluctuation included in the first voltage time series and a second voltage fluctuation
included in the second voltage time series, and computing, at the first node, a first
wind vector based on the first location, the second location, and the first time offset,
where the first wind vector indicates one or more points in time when solar power

generation decreases at one or more locations within the network.

[0011] At least one technological advantage of the disclosed techniques relative to
the prior art is that a utility provider can anticipate demand for electricity based on
real-time predictions of current weather conditions. Accordingly, the utility provided
can scale electricity production to meet the anticipated demand, thereby improving

the efficiency with which electricity is provided to consumers.

BRIEF DESCRIPTION OF THE DRAWINGS

[0012] So that the manner in which the above recited features of the various
embodiments can be understood in detail, a more particular description of the
inventive concepts, briefly summarized above, may be had by reference to various
embodiments, some of which are illustrated in the appended drawings. It is to be
noted, however, that the appended drawings illustrate only typical embodiments of the

inventive concepts and are therefore not to be considered limiting of scope in any
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way, and that there are other equally effective embodiments.

[0013] Figure 1A illustrates a network system configured to implement one or more

aspects of the present invention;

[0014] Figure 1B illustrates different nodes within the network system of Figure 1A
deployed to locations that generate electricity, according to various embodiments of

the present invention;

[0015] Figure 1C illustrates how a first node within the network system of Figure
1A measures a first voltage fluctuation caused by cloud movements, according to

various embodiments of the present invention;

[0016] Figure 1D illustrates how a second node within the network system of
Figure 1A measures a second voltage fluctuation caused by cloud movements,

according to various embodiments of the present invention;

[0017] Figure 2A illustrates a node that is configured to predict cloud movements
and to estimate node locations, according to various embodiments of the present

invention:;

[0018] Figure 2B is a more detailed illustration of the software application of Figure

2A, according to various embodiments of the present invention;

[0019] Figure 2C is a more detailed illustration of one of the cross-correlations of

Figure 2B, according to various embodiments of the present invention;

[0020] Figure 3A illustrates a likelihood distribution associated with different
hypothetical node locations, according to various embodiments of the present

invention;

[0021] Figure 3B illustrates a posterior probability distribution associated with
different hypothetical node locations, according to various embodiments of the

present invention;

[0022] Figure 4 is a flow diagram of method steps for estimating the location of a
node that resides within a network system, according to various embodiments of the

present invention;
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[0023] Figure 5A illustrates a group of nodes that reside within the network system

of Figure 1, according to various embodiments of the present invention;

[0024] Figure 5B illustrates how the nodes of Figure 5A interoperate to estimate a

wind vector, according to various embodiments of the present invention; and

[0025] Figure 6 is a flow diagram of method steps for estimating a wind vector at a
node that resides within a network system, according to various embodiments of the

present invention.

DETAILED DESCRIPTION

[0026] In the following description, numerous specific details are set forth to
provide a more thorough understanding of the various embodiments. However, it will
be apparent to one of skilled in the art that the inventive concepts may be practiced

without one or more of these specific detalils.

[0027] As noted above, utility providers deploy electricity meters to locations that
consume electricity in order to track electricity consumption and predict demand for
electricity. Some locations generate electricity in addition to consuming electricity,
which complicates how accurately the demand for electricity can be predicted. For
example, a given location could generate an amount of electricity via solar panels that

depends on the current cloud cover at the given location.

[0028] So-called “nowcasting” services provide estimates of the solar irradiance at
specific areas or locations based, among other things, on the amount of cloud cover
at those areas or locations. Satellite-based nowcasting services estimate solar
irradiance relative to the current cloud cover within a given region based on images of
the given region captured via satellite. Ground-based nowcasting services estimate
solar irradiance relative to the current cloud cover at a specific location based on
images of the sky captured from the specific location. However, both types of
nowcasting services are expensive, inaccurate, and suffer from various availability

issues.

[0029] To address these issues, embodiments of the invention include a wireless
mesh network that includes a group of nodes configured to predict cloud movements
based on voltage time series data. A node residing in the wireless mesh network

records voltage fluctuations at a site where solar power is generated. The voltage

5
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fluctuations occur when an advancing cloud reduces solar irradiance at the site and
reduces solar power generation. The node correlates these voltage fluctuations with
other voltage fluctuations recorded by other nodes at other sites where solar power is
generated. The node computes a time offset between these voltage fluctuations.
The time offset corresponds to the time needed for the cloud to advance between the
different sites. Based on this time offset and the locations of the various nodes, the
node estimates a wind vector. The wind vector can be used to perform near-term
solar forecasting by predicting when the cloud will advance to other sites and reduce
solar power generation at those other sites. The node can also estimate the location
of the other nodes, if needed, based on computed time offsets and historical weather

information.

[0030] At least one technological advantage of the disclosed techniques is that a
utility provider can anticipate demand for electricity based on real-time predictions of
current weather conditions. Accordingly, the utility provider can scale electricity
production to meet the anticipated demand, thereby improving the efficiency with
which electricity is provided to consumers. Another technological advantage of the
disclosed techniques is that nodes can determine the locations of other nodes in
situations where the locations of other nodes are unknown or inaccurate, thereby
facilitating the prediction of real-time weather conditions. These technological
advantages represent multiple technological advancements relative to prior art

approaches.

System Overview
[0031] Figure 1A illustrates a network system configured to implement one or more
aspects of the present embodiments. As shown, network system 100 includes a field
area network (FAN) 110, a wide area network (WAN) backhaul 120, and a control
center 130. FAN 110 is coupled to control center 130 via WAN backhaul 120.

Control center 130 is configured to coordinate the operation of FAN 110.

[0032] FAN 110 includes personal area network (PANs) A, B, and C. PANs A and
B are organized according to a mesh network topology, while PAN C is organized
according to a star network topology. Each of PANs A, B, and C includes at least one

border router 112 and one or more nodes 114.
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[0033] Nodes 114 can draw power from an external power source, such as mains
electricity or a power grid, or draw power from an internal power source, such as a
battery. Nodes 114 can operate on a continuous basis without powering down for
extended periods of time or operate intermittently and power down for extended
periods of time to conserve battery power. Nodes 114 are configured to gather
sensor data, process the sensor data, and communicate data processing results and
other information to control center 130. Border routers 112 operate as access points
to provide nodes 114 with access to control center 130. In one embodiment, border

routers 112 are implemented via nodes 114.

[0034] Nodes 114 are configured to communicate directly with one or more
adjacent nodes 114 via bi-directional communication links. The communication links
may be wired or wireless links, although in practice, adjacent nodes of a given PAN
exchange data with one another by transmitting data packets via wireless radio
frequency (RF) communications. Nodes 114 are configured to perform a technique
known in the art as “channel hopping” in order to periodically receive data packets on
varying channels. As known in the art, a “channel’ may correspond to a particular
range of frequencies. In one embodiment, a node 114 may compute a current
receive channel by evaluating a Jenkins hash function based on a total number of
channels, the media access control (MAC) address of the node, and other information

associated with the node.

[0035] Each node 114 within a given PAN may implement a discovery protocol to
identify one or more adjacent nodes or “neighbors.” A node 114 that has identified an
adjacent, neighboring node may establish a bi-directional communication link with the
neighboring node. Each neighboring node may update a respective neighbor table to
include information concerning the other node, including the MAC address of the
other node as well as a received signal strength indication (RSSI) of the

communication link established with that node.

[0036] Nodes 114 may compute the channel hopping sequences of adjacent
nodes to facilitate the successful transmission of data packets to those nodes. In
embodiments where nodes implement the Jenkins hash function, a node 114
computes a current receive channel of an adjacent node using the total number of
channels, the MAC address of the adjacent node, and a time slot number assigned to

a current time slot of the adjacent node.
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[0037] Any of the nodes 114 discussed above may operate as a source node, an
intermediate node, or a destination node for the transmission of data packets. A
given source node may generate a data packet and then transmit the data packet to a
destination node via any number of intermediate nodes (in mesh network topologies).
The data packet may indicate a destination for the packet and/or a particular
sequence of intermediate nodes to traverse in order to reach the destination node. In
one embodiment, each intermediate node may include a forwarding database

indicating various network routes and cost metrics associated with each route.

[0038] Nodes 114 may transmit data packets across a given PAN and across
WAN backhaul 120 to control center 130. Similarly, control center 130 may transmit
data packets across WAN backhaul 120 and across any given PAN to a particular
node included therein. As a general matter, numerous routes may exist which
traverse any of PANs A, B, and C and include any number of intermediate nodes,
thereby allowing any given node or other component within network system 100 to

communicate with any other node or component included therein.

[0039] Control center 120 includes one or more server machines (not shown)
configured to operate as sources for, or destinations of, data packets that traverse
within network system 100. The server machines may query nodes 114 within
network system 100 to obtain various data, including raw or processed sensor data,
power consumption data, node/network throughput data, status information, and so
forth. The server machines may also transmit commands and/or program instructions
to any node within network system 100 to cause those nodes to perform various
operations. In one embodiment, each server machine is a computing device
configured to execute, via a processor, a software application stored in a memory to

perform various network management operations.

[0040] Nodes 114 may likewise include computing device hardware configured to
perform processing operations and execute program code. Each node may further
include various analog-to-digital and digital-to-analog converters, digital signal
processors (DSPs), harmonic oscillators, transceivers, and any other components
generally associated with RF-based communication hardware. An exemplary node
that may operate within network system 100 is described in greater detail below in

conjunction with Figure 2A.
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[0041] In operation, nodes 114 are configured to monitor the flow of electricity at
locations that consume and/or generate electricity. For example, a given node 114
that is configured as an electricity meter could be coupled to a power line that
supplies electricity to a residence. The given node 114 could monitor various
attributes of the electricity flowing through the power line, including voltage load
across a range of times, total power drawn over a time interval, and so forth. Nodes
114 generate metrology data that reflects electricity consumption at locations being
monitored and then transmit this metrology data to control center 130 and/or share

the metrology data to other nodes 114 across FAN 110.

[0042] When multiple nodes 114 are deployed to locations that generate electricity
via solar panels, those nodes 114 can interoperate in order to perform near-term solar
forecasting. In particular, each node 114 generates a voltage time series indicating
the voltage load at a corresponding location over time. Nodes 114 share voltage time
series data within one another, either indirectly via control center 130 or directly
across FAN 110. A given node 114 cross-correlates a voltage time series generated
at the given node 114 with one or more voltage time series generated at one or more
other nodes 114 in order to identify correlations between voltage fluctuations within
those voltage time series. Some correlations occur due to normal voltage fluctuations
that occur within the electricity distribution infrastructure and that typically originate
upstream of nodes 114. Other correlations occur due to the presence of an
advancing cloud front that occludes the sun and diminishes the capacity of solar
panels to generate electricity, as described in greater detail below in conjunction with

Figure 1B.

[0043] Figure 1B illustrates different nodes within the network system of Figure 1A
deployed to locations that generate electricity, according to various embodiments of
the present invention. As shown, nodes 114(0) and 114(1) are deployed within a
residential environment that includes sites 140(0) and 140(1). Site 140(0) and node
114(0) occupy a location 148(0), while site 140(1) and node 114(1) occupy a location
148(1). Nodes 114 generally monitor the flow of electricity to sites 140 from
connected power lines (not shown) in order to measure electricity consumption at
those sites. In so doing, each node 114 generates a voltage time series 146

indicating voltage fluctuations over time.
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[0044] Sites 140(0) and 140(1) are configured with solar panels 142(0) and 142(1),
respectively. Solar panels 142 are irradiated by the sun, which transmits sun rays
162(0) and 162(1) to solar panels 142(0) and 142(1), respectively. Solar panel 142(0)
generates electricity at a particular rate based on sun ray 162(0), as indicated by solar
panel output 144(0). Similarly, solar panel 142(1) generates electricity at a particular
rate based on sun ray 162(1), as indicated by solar panel output 144(1). Electricity
consumption at a given site 140 can be offset by electricity generated by solar panels
142. Solar panels 142 generate different amounts of electricity depending on the
amount of received sunlight. The amount of sunlight received at solar panels 142 can

vary based on the presence of a cloud cover, as shown in Figure 1C.

[0045] Figure 1C illustrates how a first node within the network system of Figure
1A measures a first voltage fluctuation caused by cloud movements, according to
various embodiments of the present invention. As shown, a cloud 150 advances from
left to right in response to wind having a direction and velocity defined via a wind
vector 152. At time Ty, cloud cover 150 partially occludes the sun and therefore
inhibits sun ray 162(0) from reaching solar panel 142(0). Accordingly, solar panel
142(0) generates a lower amount of electricity and solar panel output 144(0)
decreases accordingly. When solar panel output 144(0) decreases, electricity
generated by solar panel 142(0) offsets electricity consumption at site 140(0) to a
lesser degree. In response, site 140(0) draws an increased amount of power from
connected power lines to meet electricity demand. At time Ty, node 114(0) detects
voltage fluctuations at site 140(0) associated with this increased power draw and

records these fluctuations in voltage time series 146(0).

[0046] Figure 1D illustrates how a second node within the network system of
Figure 1A measures a second voltage fluctuation caused by cloud movements,
according to various embodiments of the present invention. As shown, cloud cover
150 advances farther right and at time T4 inhibits sun ray 162(1) from reaching solar
panel 142(1). Accordingly, solar panel 142(1) generates a lower amount of electricity
and solar panel output 144(1) decreases accordingly. In like fashion as described
above, when solar panel output 144(1) decreases, electricity generated by solar panel
142(1) offsets electricity consumption at site 140(1) to a lesser degree, causing site
140(1) to draw an increased amount of power to meet electricity demand. Attime Ty,

node 114(1) detects voltage fluctuations at site 140(1) associated with this increased

10
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power draw and records these fluctuations in voltage time series 146(1).

[0047] Nodes 114 share voltage time series 146 with one another in order to
facilitate the estimation of wind vector 152. In particular, a given node 114 computes
a cross-correlation between a generated voltage time series 146 and one or more
voltage time series 146 received from other nodes 114 to determine a time offset
between voltage fluctuations caused by the advancing edge of cloud 150. Based on
this time offset and based on locations 148 of sites 140, nodes 114 can estimate wind
vector 152. Based on the estimation of wind vector 152, any given node 114 can
perform near-term solar forecasting in order to determine when electricity generated
via solar panels is likely to change due to changes in solar irradiance caused by
advancing clouds. Accordingly, a utility provider that supplies electricity to sites 140
can accurately scale electricity production in response to a predicted demand for

electricity.

[0048] In the two-dimensional example illustrated in Figures 1B-1D, voltage time
series 146(0) indicates a voltage fluctuation at node 114(0) at time T, caused by the
advancing edge of cloud 150, as shown in Figure 1C. Similarly, voltage time series
146(1) indicates a voltage fluctuation at node 114(1) at time T, caused by the further
advancing edge of cloud 150, as shown in Figure 1D. By cross-correlating voltage
time series 146(0) and 146(1), either of nodes 114(0) and 114(1) can determine the
time offset between times To and T41. Then, either of these nodes can estimate wind
vector 152 relative to locations 148(0) and 148(1) of sites 140(0) and 140(1) to
determine when cloud 150 will cause a reduction in solar power generation at other
sites 140 that reside downwind of sites 140(0) and/or 140(1). With this anticipated
reduction in solar power generation, the utility provider can predict an increase in

demand for electricity and scale electricity production accordingly.

[0049] As mentioned, the above described process for estimating wind vector 152
depends on locations 148 of sites 140. The location of any given site 140 generally
corresponds to the location of the associated node 114. Accordingly, the above-
described process can be performed based on the locations of each node 114. When
a given node 114 is installed, the location of that node is usually tabulated and

reported to control center 130.

11
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[0050] However, for various reasons, these locations are oftentimes reported
inaccurately. For example, an installation technician could report only one location as
corresponding to many nodes installed within a given area. Alternatively, the
installation technician could simply enter the location data for a given node 114
incorrectly. As a general matter, the locations of nodes 114 are not necessarily
accurate, potentially posing complications when the above-described process is
performed. To address this particular issue, though, nodes 114 perform a technique
for generating and improving location estimates for other nodes 114 based on voltage
time series data and historical wind vectors. An exemplary node 114 configured to
generate location estimates and estimate wind vectors is described in greater detail

below in conjunction with Figures 2A-2C.

[0051] Figure 2A illustrates a node that is configured to predict cloud movements
and to estimate node locations, according to various embodiments of the present
invention. As shown, a node 114 includes a computing device 210 coupled to a
transceiver 260 and an oscillator 270. Computing device 210 coordinates the
operations of node 114. Transceiver 260 is configured to transmit and receive data
packets across network system 100 using a range of channels and power levels.
Oscillator 270 provides one or more oscillation signals according to which the

transmission and reception of data packets can be scheduled.

[0052] Computing device 210 includes a processor 212, input/output (1/0) devices
214, and memory 216, coupled together. Processor 212 may include any hardware
configured to process data and execute software applications. Processor 212 may
include a real-time clock (RTC) (not shown) according to which processor 212
maintains an estimate of the current time. The estimate of the current time may be
expressed in Universal Coordinated Time (UTC), although any other standard of time
measurement can also be used. I/0O devices 214 include devices configured to
receive input, devices configured to provide output, and devices configured to both
receive input and provide output. Memory 216 may be implemented by any

technically feasible storage medium.

[0053] Memory 216 includes a software application 220 and database 218,
coupled together. Software application 220 includes program code that, when
executed by processor 212, performs any of the node-oriented operations described

herein. Those operations include coordinating the discovery process mentioned

12
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above, scheduling the transmission of data packets, and coordinating a hopping
sequence, as described above in conjunction with Figure 1A. In addition, software
application 220 implements various software modules configured to perform the
different techniques discussed above in conjunction with Figures 1B-1D. Those
techniques include computing cross-correlations between voltage time series,
estimating wind vectors, and estimating locations of other nodes. Software

application 220 is described in greater detail below in conjunction with Figure 2C.

[0054] Figure 2B is a more detailed illustration of the software application of Figure
2A, according to various embodiments of the present invention. As shown, software
application 220 includes a cross-correlation engine 230, a location estimator 240, and
a wind vector estimator 250. Cross-correlation engine 230 and location estimator 240
interoperate in order to generate and/or update estimates of the locations of other
nodes. Cross-correlation engine 230 and wind vector estimator 250 interoperate to
generate and/or update estimates of wind vectors that cause clouds to advance

across a region where FAN 110 is deployed.

[0055] In operation, cross-correlation engine 230 obtains voltage time series 246
that includes voltage time series Vg recorded at the node 114 as well as voltage time
series V1 through Vn recorded at other nodes. Cross-correlation engine 230 performs
a cross-correlation operation with different portions of Vg and different portions of V4
through Vy to generate cross-correlations 232. A given cross-correlation 232
describes correlations between voltage fluctuations included in Vg and voltage
fluctuations included in one of V¢ through VN. Based on cross-correlations 232, cross-
correlation engine 230 generates time offsets 234 that include time offsets ATy
through ATy. A given time offset 234 indicates a time lag between voltage
fluctuations included in Vy and voltage fluctuations included in one of V4 through V.
Because voltage fluctuations measured at different nodes 114 may correlate at
different time lags under different environmental conditions, time offsets 234 typically
include many different time offsets 234 measured at different times for any pair of
nodes 114. An exemplary cross-correlation 232 and time offset 234 are illustrated in
Figure 2C.

[0056] Figure 2C is a more detailed illustration of one of the cross-correlations of
Figure 2B, according to various embodiments of the present invention. As shown, a

cross-correlation 232 is plotted against time lag axis 280 and correlation axis 282.
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Cross-correlation 232 includes a peak 290 disposed close to zero on time lag axis
280 that is derived from voltage fluctuations that affect network system 100 as a
whole. Cross-correlation 232 also includes a peak 292 that is located at time offset
234 along time lag axis 280. In the example shown, an exemplary time offset 234 has
a value of approximately 16 seconds, indicating that similar voltage fluctuations occur
at different nodes 114 with a time delay of about 16 seconds. These voltage
fluctuations could be caused, for example, by an advancing cloud cover that disrupts

the generation of solar power, as described above in conjunction with Figures 1B-1D.

[0057] Referring back now to Figure 2B, upon generating cross-correlation 232

and time offset 234, software application 220 may implement location estimator 240
and/or wind vector estimator 250, depending on whether locations 148 of nodes 114
are available. As mentioned, locations may not be available for various reasons, so

software application 220 can estimate the locations of nodes 114 if needed.

[0058] Location estimator 240 analyzes time offsets 234 in conjunction with
historical wind vectors 244 to generate location estimates 242. Historical wind
vectors 244 includes measurements of wind direction and velocity recorded over a
time period. Historical wind vectors 244 can be generated at one or more weather
stations residing in a region where FAN 110 is deployed. Any given measurement
included in historical wind vectors 244 that is gathered at a particular time may

correspond to a specific time offset 234 generated at the same time.

[0059] In one embodiment, location estimator 240 may implement a Bayesian
update algorithm to generate and then improve location estimates 242. In so doing,
location estimator 240 generates a set of initial hypotheses of the locations of nodes
114 and then determines, for each hypothetical location, the probability of time offsets
234 and historical wind vectors 244. Location estimator 240 expresses these
probabilities as a likelihood distribution over the set of hypothetical locations.

Location estimator 240 repeats this operation iteratively with each measurement
included in historical wind vectors 244 and a corresponding time offset 234 in order to
improve the likelinood distribution. With each repetition, location estimator 240
computes a posterior probability for the location of nodes 114. Location estimator 240
performs this iterative process until all available data has been processed or until
some convergence criterion has been met. This particular approach is described in

greater detail below in conjunction with Figures 3A-4. Persons skilled in the art will
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understand that other approaches to estimating node locations based on time offsets

also fall within the scope of the present invention.

[0060] Location estimator 240 performs the above approach to generating location
estimates 242 periodically and on an as-needed basis. Location estimator 240 need
not generate location estimates 242 when the locations of other nodes 114 are
available. Specifically, when some or all locations 148 are available, wind vector
estimator 250 can interoperate with cross-correlation engine 230 to generate wind
vector estimates 252 without location estimator 240 generating location estimates
242,

[0061] Wind vector estimator 250 analyzes time offsets 234 generated by cross-
correlation engine 230 in conjunction with locations 148. Locations 148 include
location Lo corresponding to the location of node 114 as well as locations L4 through
Ln corresponding to other nodes 114 included in FAN 110. Locations 148 can be
expressed as Global Positioning Service (GPS) coordinates, a local coordinate

system, or a defined relative to a specifically selected node 114.

[0062] In one embodiment, wind vector estimator 250 may perform a triangulation
operation with the positions of three or more nodes 114 and corresponding time
offsets 234 in order to generate a wind vector estimate. Wind vector estimator 250
may perform the triangulation operation by converting locations 148 into a polar
coordinate system and then performing a trigonometric analysis of the converted
locations based on time offsets 234. In performing this technique, wind vector
estimator 250 selects nodes 114 that do not reside collinearly to permit the
triangulation operation to produce a deterministic result. This particular approach is
described in greater detail below in conjunction with Figures 5A-6. Persons skilled in
the art will understand that other approaches to estimating wind vectors based on

time offsets also fall within the scope of the present invention.

Estimating Locations of Nodes
[0063] As mentioned above, location estimator 240 generates location estimates
242 under circumstances where locations 148 are either inaccurate or unavailable. In
the embodiment described herein, location estimator 240 implements a Bayesian
update algorithm that involves iteratively generating a likelihood distribution over a set

of hypothetical locations for nodes 114 and then computing a posterior probability that
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nodes 114 reside at those locations. An example of how a given node 114 performs
this technique to estimate the location of another node 114 is described below in

conjunction with Figures 3A-3B.

[0064] Figure 3A illustrates a likelihood distribution associated with different
hypothetical node locations, according to various embodiments of the present
invention. As shown, a likelihood distribution 300 indicates locations Lo and L.
Location Ly is located at the origin of likelihood distribution 300 and corresponds to a
pre-determined location of a node that is referred to in this example as the “origin
node.” Location L4 is a hypothetical location that may be associated with another
node that is referred to in this example as the “neighbor node.” Initially, the location of

the neighbor node is undetermined.

[0065] During a given iteration of the Bayesian update algorithm, the origin node
analyzes a given time offset 234 in conjunction with a corresponding historical wind
vector 244. The origin node then determines, across all locations within likelihood
distribution 300 (including location L1), the probability of the given time offset 234 and
historical wind vector 244 occurring assuming that the neighbor node resides at those
locations. Initially, likelihood distribution 300 may not be concentrated at any
particular location, as is shown. Upon generating likelihood distribution 300, location
estimator 240 then computes a posterior distribution that reflects the probability
distribution of the neighbor node residing at each different location, as illustrated in
Figure 3B.

[0066] Figure 3B illustrates a posterior probability distribution associated with
different hypothetical node locations, according to various embodiments of the
present invention. Location estimator 240 computes posterior probability distribution
310 based on likelihood distribution 300 shown in Figure 3A. Posterior probability
distribution 310 indicates the probability that the neighbor node resides at each
location. As is shown, the probability that the neighbor node resides at location L4 is

very high.

[0067] Referring generally to Figures 3A-3B, location estimator 240 performs the
operations discussed in conjunction with these Figures iteratively for each time offset
234 that is generated for the origin node and the neighbor node. With each iteration,

location estimator 240 improves the likelihood distribution and the posterior probability
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distribution until all data is processed or until a convergence criterion is met. Then,
location estimator 240 outputs a location estimate 242 for the neighbor node. The

above-described process is also described below in conjunction with Figure 4.

[0068] Figure 4 is a flow diagram of method steps for estimating the location of a
node that resides within a network system, according to various embodiments of the
present invention. Although the method steps are described in conjunction with the
systems of Figures 1-3B, persons skilled in the art will understand that any system
configured to perform the method steps in any order falls within the scope of the

present invention.

[0069] As shown, a method 400 begins at step 402, where a first node obtains first
voltage data generated at the first node as well as second voltage data generated by
a second node. The first and second voltage data indicates voltage fluctuations that
occur over time. These voltage fluctuations can originate within an electricity
distribution infrastructure to which the first and second nodes are coupled, and can
also originate at locations where the first and second nodes are coupled. In an
example of the latter case, the first and second nodes could be deployed at locations

where solar power is generated intermittently, causing fluctuations in voltage load.

[0070] At step 404, the first node computes a cross-correlation between the first
voltage data and the second voltage data. The cross-correlation indicates some
voltage fluctuations that occur at the first and second node nearly simultaneously.
These voltage fluctuations originate within the electricity distribution infrastructure.
The cross-correlation also indicates other voltage fluctuations that occur at the first
and second node with a particular time offset. These voltage fluctuations are caused
by an advancing cloud edge that triggers a voltage fluctuation at the first node at a

different time than a similar voltage fluctuation is triggered at the second node.

[0071] At step 406, the first node determines a time offset between the first node
and the second node based on the cross correlation. The time offset represents the
time needed for the advancing cloud to cover the distance between the first node and
the second node. In one embodiment, the first node analyzes the cross correlation
generated at step 404 and removes correlation peaks associated with a time offset
that is less than a threshold value, thereby eliminating peaks that are not caused by

the advancing cloud.
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[0072] At step 408, the first node generates a set of hypothetical locations for the
second node. The first node could generate the hypothetical locations based on
predetermined boundaries of a region where the first node and the second node are
deployed, for example. Alternatively, the first node could generate the hypothetical
locations based on a received signal strength of the second node, a single-to-noise
ratio of the second node, or a transmission delay associated with the second node,

among other data.

[0073] At step 410, the first node generates or updates a likelihood distribution
based on the time offset and based on historical wind vectors. The historical wind
vectors indicate the direction and velocity of wind at different times. The historical
wind vectors could be recorded at a nearby weather station, for example. The first
node generates the likelihood distribution by computing the probability of each time
offset and corresponding historical wind vector assuming that the second node

resides at each different hypothetical location.

[0074] At step 412, the first node generates or update a posterior probability
distribution based on the likelihood distribution. The posterior probability distribution
represents the probability of the second node residing at each of the different
hypothetical locations generated at step 408. The first node performs steps 410 and
412 iteratively in order to improve the likelihood distribution and the posterior
probability distribution until all available data has been processed or a convergence
criterion is met. The first node then outputs a location estimate 242 for the second
node. In one embodiment, control center 130 performs the method 400 based on

data collected from nodes 114.

[0075] According to the techniques described above in conjunction with Figures
3A-4, any given node 114 can estimate the locations of other nodes 114 based on
time offsets 234 and historical wind vectors 244. These techniques advantageously
provide nodes 114 with the ability to generate location estimates when the locations
of other nodes are inaccurate or unavailable. Once the locations of other nodes 114
are known with some degree of accuracy, nodes 114 can then generate estimates of
wind vectors for the purposes of performing near-term solar forecasting, as described

below in conjunction with Figures 5A-6.
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Estimating Wind Direction and Magnitude
[0076] As previously described, wind vector estimator 250 generates wind vector
estimates 252 based on locations 148. In the embodiment described herein, wind
vector estimator 250 performs various trigonometric operations associated with a
triangulation operation in order to determine a given wind vector estimate 252. An
example of how a given node 114 performs this technique to estimate a wind vector is

described below in conjunction with Figures 5A-5B.

[0077] Figure 5A illustrates how a group of nodes estimates a wind vector,
according to various embodiments of the present invention. As shown, a region 500
includes locations Lo, L4, and L,. Location L corresponds to the origin of region 500
and represents a location occupied by a node that is referred to herein as the “origin
node.” The origin node generates an estimate for a wind vector based on various
data associated with neighboring nodes that reside at locations L1 and L». In
particular, the origin node determines a time offset AT and an angle A, relative to a
neighboring node that resides at location Ly along with a time offset AT, and an angle
A relative to a neighboring node that resides at location L,. Based on this data, the
origin node performs a triangulation operation to determine a wind vector estimate
252. Wind vector estimate 252 generated via the triangulation operation is shown in
Figure 5B.

[0078] Figure 5B illustrates a wind vector estimated by the group of nodes of
Figure 5A, according to various embodiments of the present invention. As shown,
wind vector 252 describes a current velocity (w) and direction (8) associated with
wind. As discussed above in conjunction with Figures 1B-1D, wind causes clouds to
advance over nodes 114 and disrupt electricity generation via solar panels. By
estimating the direction and velocity of this wind, future disruptions can be anticipated,

allowing utility providers to scale electricity production accordingly.

[0079] Referring generally to Figures 5A-5B, persons skilled in the art will
understand that triangulation is a well-known trigonometric technique for determining
various data based on triangles. Accordingly, triangulation is not discussed in greater
detail herein. In addition, persons skilled in the art will understand that other
techniques for estimating a vector based on time offsets and positions can also be
applied to generate wind vector 252, and that those other techniques also fall within

the scope of the present invention. The operation of wind vector estimator 250 is
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further described below in conjunction with Figure 6.

[0080] Figure 6 is a flow diagram of method steps for estimating a wind vector at a
node that resides within a network system, according to various embodiments of the
present invention. Although the method steps are described in conjunction with the
systems of Figures 1-2C and 5A-5B, persons skilled in the art will understand that any
system configured to perform the method steps in any order falls within the scope of

the present invention.

[0081] A show, a method 600 begins at step 602, where a first node obtains the
locations of the first node, a second node, and a third node. The first node may or
may not have accurate location data for any of the first, second, or third nodes. If
such data is unavailable or inaccurate, then the first node can perform the techniques
described above in conjunction with Figures 3A-4 to determine these locations or

cause another node to perform those techniques to determine the needed locations.

[0082] At step 604, the first node determines a first time offset between the first
node and the second node based on a first cross-correlation. The first node
generates first voltage time series data based on measurements of a connected
power line. The first node obtains second voltage time series data from the second
node that is generated by the second node in a similar manner. The first node cross-
correlates the first voltage time series with the second voltage time series in the
manner described above in conjunction with Figure 2C to determine the first time
offset. The first time offset represents a time difference between the occurrence of
voltage fluctuations included in the first voltage time series and corresponding voltage

fluctuations included in the second voltage time series.

[0083] At step 606, the first node determines a second time offset between the first
node and the third node based on a second cross-correlation. The first node obtains
third voltage time series data from the third node and then cross-correlates the first
voltage time series with the second voltage time series. Based on this cross-
correlation, the first node determines the second time offset, in like fashion as
described in conjunction with step 604. The second time offset represents a time
difference between the occurrence of voltage fluctuations included in the first voltage
time series and corresponding voltage fluctuations included in the third voltage time

series.
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[0084] At step 608, the first node estimates a wind vector based on the first time
offset, the second time offset, and the locations of the first node, the second node,
and the third node. In so doing, the first node executes various trigonometric
operations associated with triangulation. The estimate of the wind vector can be used
to determine when an advancing cloud will disrupt solar power generation at different
locations, thereby allowing the utility provider to predict future demand for electricity
and scale electricity production accordingly. In this manner, utility providers can
deliver electricity to consumers more effectively and with greater efficiency. In one
embodiment, control center 130 performs the method 600 based on data collected

from nodes 114.

[0085] In sum, a wireless mesh network includes a group of nodes configured to
predict cloud movements based on voltage time series data. A node residing in the
wireless mesh network records voltage fluctuations at a site where solar power is
generated. The voltage fluctuations occur when an advancing cloud reduces solar
irradiance at the site and reduces solar power generation. The node correlates these
voltage fluctuations with other voltage fluctuations recorded by other nodes at other
sites where solar power is generated. The node computes a time offset between
these voltage fluctuations. The time offset corresponds to the time needed for the
cloud to advance between the different sites. Based on this time offset and the
locations of the various nodes, the node estimates a wind vector. The wind vector
can be used to perform near-term solar forecasting by predicting when the cloud will
advance to other sites and reduce solar power generation at those other sites. The
node can also estimate the location of the other nodes, if needed, based on the time

offset and historical weather information.

[0086] At least one technological advantage of the disclosed techniques relative to
the prior art is that a utility provider can anticipate demand for electricity based on
real-time predictions of current weather conditions. Accordingly, the utility provided
can scale electricity production to meet the anticipated demand, thereby improving
the efficiency with which electricity is provided to consumers. Another technological
advantage of the disclosed techniques is that nodes can determine the locations of
other nodes in situations where the locations of other nodes are unknown or
inaccurate, thereby facilitating the prediction of real-time weather conditions. These

technological advantages represent one or more technological advancements over
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prior art approaches.

[0087] 1. Some embodiments include a computer-implemented method for near-
term solar forecasting via a network of nodes, the method comprising measuring, at a
first node, a first plurality of voltage fluctuations within a first power line to generate a
first voltage time series, wherein the first node resides at a first location within the
network and is coupled to the first power line, and one or more of the voltage
fluctuations occur in response to changes in solar irradiance at the first location,
generating, at the first node, a first cross-correlation between the first voltage time
series and a second voltage time series generated by a second node, wherein the
second nodes resides at a second location within the network and communicates with
the first node via the network, determining, at the first node, a first time offset based
on the first cross-correlation, wherein the first time offset indicates a first delay
between a first voltage fluctuation included in the first voltage time series and a
second voltage fluctuation included in the second voltage time series, and computing,
at the first node, a first wind vector based on the first location, the second location,
and the first time offset, wherein the first wind vector indicates one or more points in
time when solar power generation decreases at one or more locations within the

network.

[0088] 2. The computer-implemented method of clause 1, further comprising
generating a second cross-correlation between the first voltage time series and a third
voltage time series associated with a third node within the network, and determining a
second time offset based on the second cross-correlation, wherein the second time
offset indicates a second delay between the first voltage fluctuation and a third
voltage fluctuation included in the second voltage time series, wherein the first wind
vector is further computed based on a third location where the third node resides and
the second time offset, and wherein computing the first wind vector comprises
performing a triangulation operation with the first time offset and the second time

offset based on the first location, the second location, and the third location.

[0089] 3. The computer-implemented method of any of clauses 1-2, further
comprising determining the first location by obtaining a first historical wind vector
generated by a weather station, generating a second time offset based on a set of
additional voltage time series associated with the first node and the second node,

generating a plurality of hypothetical locations associated with the first node based on
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the second time offset, generating a first probability distribution based on the first
historical wind vector, the second time offset, and the plurality of hypothetical
locations, wherein the first probability distribution indicates different probabilities of the
first node residing at each of the different hypothetical locations, and selecting a first
hypothetical location included in the plurality of hypothetical locations and having a
first probability value that exceeds all other probability values associated with all other

hypothetical locations included in the plurality of hypothetical locations.

[0090] 4. The computer-implemented method of any of clauses 1-3, wherein the
first voltage fluctuation occurs when a first solar panel output is modified at the first
location, and the second voltage fluctuation occurs when a second solar panel output

is modified at the second location.

[0091] 5. The computer-implemented method of any of clauses 1-4, wherein the
first solar panel output is modified in response to a first cloud modifying solar
irradiance at the first location, and the second solar panel output is modified in

response to the first cloud modifying solar irradiance at the second location.

[0092] 6. The computer-implemented method of any of clauses 1-5, wherein the
first cloud moves between the first location and the second location with a direction

and velocity that corresponds to the first wind vector.

[0093] 7. The computer-implemented method of any of clauses 1-6, wherein the
first node generates the first voltage time series when measuring electricity
consumption at the first location, and the second node generates the second voltage

time series when measuring electricity consumption at the second location.

[0094] 8. The computer-implemented method of any of clauses 1-7, wherein the
network comprises a wireless mesh network, and further comprising transmitting the

first voltage time series to the second node via the wireless mesh network.

[0095] 9. The computer-implemented method of any of clauses 1-8, further
comprising predicting, based on the first wind vector, a first point in time when solar
power generation at a third location should change, and modifying the amount of

electrical power available at the third location before the first point in time.
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[0096] 10. The computer-implemented method of any of clauses 1-9, wherein solar
power generation changes at the third location when at least one wind current causes
the first cloud to traverse the third location and modify solar irradiance at the third

location.

[0097] 11. Some embodiments include a non-transitory computer-readable
medium storing program instructions that, when executed by a processor, causes the
processor to perform near-term solar forecasting via a network of nodes by
performing the steps of measuring, at a first node, a first plurality of voltage
fluctuations within a first power line to generate a first voltage time series, wherein the
first node resides at a first location within the network and is coupled to the first power
line, and one or more of the voltage fluctuations occur in response to changes in solar
irradiance at the first location, generating, at the first node, a first cross-correlation
between the first voltage time series and a second voltage time series generated by a
second node, wherein the second nodes resides at a second location within the
network and communicates with the first node via the network, determining, at the first
node, a first time offset based on the first cross-correlation, wherein the first time
offset indicates a first delay between a first voltage fluctuation included in the first
voltage time series and a second voltage fluctuation included in the second voltage
time series, and computing, at the first node, a first wind vector based on the first
location, the second location, and the first time offset, wherein the first wind vector
indicates one or more points in time when solar power generation decreases at one or

more locations within the network.

[0098] 12. The non-transitory computer-readable medium of clause 11, further
comprising the steps of generating a second cross-correlation between the first
voltage time series and a third voltage time series associated with a third node within
the network, and determining a second time offset based on the second cross-
correlation, wherein the second time offset indicates a second delay between the first
voltage fluctuation and a third voltage fluctuation included in the second voltage time
series, wherein the first wind vector is further computed based on a third location

where the third node resides and the second time offset.

[0099] 13. The non-transitory computer-readable medium of any of clauses 11-12,
wherein the step of computing the first wind vector comprises performing a

triangulation operation with the first time offset and the second time offset based on
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the first location, the second location, and the third location.

[0100] 14. The non-transitory computer-readable medium of any of clauses 11-13,
further comprising the step of determining the first location by obtaining a first
historical wind vector generated by a weather station, generating a second time offset
based on a set of additional voltage time series associated with the first node and the
second node, generating a plurality of hypothetical locations associated with the first
node based on the second time offset, generating a first probability distribution based
on the first historical wind vector, the second time offset, and the plurality of
hypothetical locations, wherein the first probability distribution indicates different
probabilities of the first node residing at each of the different hypothetical locations,
and selecting a first hypothetical location included in the plurality of hypothetical
locations and having a first probability value that exceeds all other probability values
associated with all other hypothetical locations included in the plurality of hypothetical

locations.

[0101] 15. The non-transitory computer-readable medium of any of clauses 11-14,
wherein generating the first probability distribution comprises generating a likelihood
distribution for the plurality of hypothetical locations, wherein the likelihood distribution
indicates, for the first hypothetical location, a probability of the first historical wind
vector occurring in conjunction with the second time offset when the first node resides
at the first hypothetical location, and generating a posterior probability distribution that

includes the first probability value based on the likelihood distribution.

[0102] 16. The non-transitory computer-readable medium of any of clauses 11-15,
wherein the second time offset is generated based on a second cross-correlation
between a third voltage time series associated with the first node and a fourth voltage

time series associated with the second node.

[0103] 17. The non-transitory computer-readable medium of any of clauses 11-16,
wherein the step of determining the first time offset comprises analyzing the first
cross-correlation to determine a plurality of peaks, identifying a first peak included in
the plurality of peaks that resides at least a threshold distance away from an origin of

the first cross-correlation, and determining the first time offset based on the first peak.
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[0104] 18. The non-transitory computer-readable medium of any of clauses 11-17,
wherein the first voltage fluctuation occurs when a first solar panel output is modified
at the first location, and the second voltage fluctuation occurs when a second solar
panel output is modified at the second location, wherein the first solar panel output is
modified in response to a first cloud modifying solar irradiance at the first location, and
the second solar panel output is modified in response to the first cloud modifying solar

irradiance at the second location.

[0105] 19. The non-transitory computer-readable medium of any of clauses 11-18,
wherein the first cloud moves between the first location and the second location with a

direction and velocity that corresponds to the first wind vector.

[0106] 20. Some embodiments include a system, comprising a first node that
resides at a first location within a network and performs the steps of measuring a first
plurality of voltage fluctuations within a first power line to generate a first voltage time
series, wherein the first node is coupled to the first power line, and one or more of the
voltage fluctuations occur in response to changes in solar irradiance at the first
location, generating a first cross-correlation between the first voltage time series and
a second voltage time series, determining a first time offset based on the first cross-
correlation, wherein the first time offset indicates a first delay between a first voltage
fluctuation included in the first voltage time series and a second voltage fluctuation
included in the second voltage time series, and computing a first wind vector based
on the first location, the second location, and the first time offset, wherein the first
wind vector indicates one or more points in time when solar power generation
decreases at one or more locations within the network, and a second node that
resides at a second location within the network and performs the steps of measuring
a second plurality of voltage fluctuations within a second power line to generate the
second voltage time series, wherein the second node is coupled to the second power
line, and transmitting the second voltage time series to the first node across the

network.

[0107] Any and all combinations of any of the claim elements recited in any of the
claims and/or any elements described in this application, in any fashion, fall within the

contemplated scope of the present invention and protection.
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[0108] The descriptions of the various embodiments have been presented for
purposes of illustration, but are not intended to be exhaustive or limited to the
embodiments disclosed. Many modifications and variations will be apparent to those
of ordinary sKkill in the art without departing from the scope and spirit of the described

embodiments.

[0109] Aspects of the present embodiments may be embodied as a system,
method or computer program product. Accordingly, aspects of the present disclosure
may take the form of an entirely hardware embodiment, an entirely software
embodiment (including firmware, resident software, micro-code, etc.) or an
embodiment combining software and hardware aspects that may all generally be
referred to herein as a “module” or “system.” Furthermore, aspects of the present
disclosure may take the form of a computer program product embodied in one or
more computer readable medium(s) having computer readable program code

embodied thereon.

[0110] Any combination of one or more computer readable medium(s) may be
utilized. The computer readable medium may be a computer readable signal medium
or a computer readable storage medium. A computer readable storage medium may
be, for example, but not limited to, an electronic, magnetic, optical, electromagnetic,
infrared, or semiconductor system, apparatus, or device, or any suitable combination
of the foregoing. More specific examples (a non-exhaustive list) of the computer
readable storage medium would include the following: an electrical connection having
one or more wires, a portable computer diskette, a hard disk, a random access
memory (RAM), a read-only memory (ROM), an erasable programmable read-only
memory (EPROM or Flash memory), an optical fiber, a portable compact disc read-
only memory (CD-ROM), an optical storage device, a magnetic storage device, or any
suitable combination of the foregoing. In the context of this document, a computer
readable storage medium may be any tangible medium that can contain, or store a
program for use by or in connection with an instruction execution system, apparatus,

or device.

[0111] Aspects of the present disclosure are described above with reference to
flowchart illustrations and/or block diagrams of methods, apparatus (systems) and
computer program products according to embodiments of the disclosure. It will be

understood that each block of the flowchart illustrations and/or block diagrams, and
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combinations of blocks in the flowchart illustrations and/or block diagrams, can be
implemented by computer program instructions. These computer program
instructions may be provided to a processor of a general purpose computer, special
purpose computer, or other programmable data processing apparatus to produce a
machine. The instructions, when executed via the processor of the computer or other
programmable data processing apparatus, enable the implementation of the
functions/acts specified in the flowchart and/or block diagram block or blocks. Such
processors may be, without limitation, general purpose processors, special-purpose

processors, application-specific processors, or field-programmable gate arrays.

[0112] The flowchart and block diagrams in the figures illustrate the architecture,
functionality, and operation of possible implementations of systems, methods and
computer program products according to various embodiments of the present
invention of the present disclosure. In this regard, each block in the flowchart or block
diagrams may represent a module, segment, or portion of code, which comprises one
or more executable instructions for implementing the specified logical function(s). It
should also be noted that, in some alternative implementations, the functions noted in
the block may occur out of the order noted in the figures. For example, two blocks
shown in succession may, in fact, be executed substantially concurrently, or the
blocks may sometimes be executed in the reverse order, depending upon the
functionality involved. It will also be noted that each block of the block diagrams
and/or flowchart illustration, and combinations of blocks in the block diagrams and/or
flowchart illustration, can be implemented by special purpose hardware-based
systems that perform the specified functions or acts, or combinations of special

purpose hardware and computer instructions.

[0113] While the preceding is directed to embodiments of the present disclosure,
other and further embodiments of the disclosure may be devised without departing
from the basic scope thereof, and the scope thereof is determined by the claims that

follow.
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WHAT IS CLAIMED IS:

1.

A computer-implemented method for near-term solar forecasting via a network

of nodes, the method comprising:

measuring, at a first node, a first plurality of voltage fluctuations within a first
power line to generate a first voltage time series, wherein the first node
resides at a first location within the network and is coupled to the first
power line, and one or more of the voltage fluctuations occur in
response to changes in solar irradiance at the first location;

generating, at the first node, a first cross-correlation between the first voltage
time series and a second voltage time series generated by a second
node, wherein the second nodes resides at a second location within the
network and communicates with the first node via the network;

determining, at the first node, a first time offset based on the first cross-
correlation, wherein the first time offset indicates a first delay between a
first voltage fluctuation included in the first voltage time series and a
second voltage fluctuation included in the second voltage time series;
and

computing, at the first node, a first wind vector based on the first location, the
second location, and the first time offset, wherein the first wind vector
indicates one or more points in time when solar power generation

decreases at one or more locations within the network.

The computer-implemented method of claim 1, further comprising:

generating a second cross-correlation between the first voltage time series and
a third voltage time series associated with a third node within the
network; and

determining a second time offset based on the second cross-correlation,
wherein the second time offset indicates a second delay between the
first voltage fluctuation and a third voltage fluctuation included in the
second voltage time series,

wherein the first wind vector is further computed based on a third location
where the third node resides and the second time offset, and wherein
computing the first wind vector comprises performing a triangulation

operation with the first time offset and the second time offset based on
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the first location, the second location, and the third location.

3. The computer-implemented method of claim 1, further comprising determining
the first location by:
obtaining a first historical wind vector generated by a weather station;
generating a second time offset based on a set of additional voltage time
series associated with the first node and the second node;
generating a plurality of hypothetical locations associated with the first node
based on the second time offset;
generating a first probability distribution based on the first historical wind
vector, the second time offset, and the plurality of hypothetical locations,
wherein the first probability distribution indicates different probabilities of
the first node residing at each of the different hypothetical locations; and
selecting a first hypothetical location included in the plurality of hypothetical
locations and having a first probability value that exceeds all other
probability values associated with all other hypothetical locations

included in the plurality of hypothetical locations.

4. The computer-implemented method of claim 1, wherein the first voltage
fluctuation occurs when a first solar panel output is modified at the first location, and
the second voltage fluctuation occurs when a second solar panel output is modified at

the second location.

. The computer-implemented method of claim 4, wherein the first solar panel
output is modified in response to a first cloud modifying solar irradiance at the first
location, and the second solar panel output is modified in response to the first cloud

modifying solar irradiance at the second location.

6. The computer-implemented method of claim 4, wherein the first cloud moves
between the first location and the second location with a direction and velocity that

corresponds to the first wind vector.

7. The computer-implemented method of claim 1, wherein the first node

generates the first voltage time series when measuring electricity consumption at the
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first location, and the second node generates the second voltage time series when

measuring electricity consumption at the second location.

8.

The computer-implemented method of claim 1, wherein the network comprises

a wireless mesh network, and further comprising transmitting the first voltage time

series to the second node via the wireless mesh network.

10.

The computer-implemented method of claim 1, further comprising:

predicting, based on the first wind vector, a first point in time when solar power
generation at a third location should change; and

modifying the amount of electrical power available at the third location before

the first point in time.

The computer-implemented method of claim 9, wherein solar power generation

changes at the third location when at least one wind current causes the first cloud to

traverse the third location and modify solar irradiance at the third location.

11.

A non-transitory computer-readable medium storing program instructions

that, when executed by a processor, causes the processor to perform near-term solar

forecasting via a network of nodes by performing the steps of:

measuring, at a first node, a first plurality of voltage fluctuations within a first
power line to generate a first voltage time series, wherein the first node
resides at a first location within the network and is coupled to the first
power line, and one or more of the voltage fluctuations occur in
response to changes in solar irradiance at the first location;

generating, at the first node, a first cross-correlation between the first voltage
time series and a second voltage time series generated by a second
node, wherein the second nodes resides at a second location within the
network and communicates with the first node via the network;

determining, at the first node, a first time offset based on the first cross-
correlation, wherein the first time offset indicates a first delay between a
first voltage fluctuation included in the first voltage time series and a
second voltage fluctuation included in the second voltage time series;

and
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computing, at the first node, a first wind vector based on the first location, the
second location, and the first time offset, wherein the first wind vector
indicates one or more points in time when solar power generation

decreases at one or more locations within the network.

12.  The non-transitory computer-readable medium of claim 11, further comprising
the steps of:
generating a second cross-correlation between the first voltage time series and
a third voltage time series associated with a third node within the
network; and
determining a second time offset based on the second cross-correlation,
wherein the second time offset indicates a second delay between the
first voltage fluctuation and a third voltage fluctuation included in the
second voltage time series,
wherein the first wind vector is further computed based on a third location

where the third node resides and the second time offset.

13.  The non-transitory computer-readable medium of claim 12, wherein the step of
computing the first wind vector comprises performing a triangulation operation with
the first time offset and the second time offset based on the first location, the second

location, and the third location.

14.  The non-transitory computer-readable medium of claim 11, further comprising
the step of determining the first location by:
obtaining a first historical wind vector generated by a weather station;
generating a second time offset based on a set of additional voltage time
series associated with the first node and the second node;
generating a plurality of hypothetical locations associated with the first node
based on the second time offset;
generating a first probability distribution based on the first historical wind
vector, the second time offset, and the plurality of hypothetical locations,
wherein the first probability distribution indicates different probabilities of
the first node residing at each of the different hypothetical locations; and

selecting a first hypothetical location included in the plurality of hypothetical
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locations and having a first probability value that exceeds all other
probability values associated with all other hypothetical locations

included in the plurality of hypothetical locations.

15.  The non-transitory computer-readable medium of claim 14, wherein generating
the first probability distribution comprises:
generating a likelihood distribution for the plurality of hypothetical locations,
wherein the likelihood distribution indicates, for the first hypothetical
location, a probability of the first historical wind vector occurring in
conjunction with the second time offset when the first node resides at
the first hypothetical location; and
generating a posterior probability distribution that includes the first probability

value based on the likelihood distribution.

16.  The non-transitory computer-readable medium of claim 14, wherein the second
time offset is generated based on a second cross-correlation between a third voltage
time series associated with the first node and a fourth voltage time series associated

with the second node.

17.  The non-transitory computer-readable medium of claim 11, wherein the step of
determining the first time offset comprises:
analyzing the first cross-correlation to determine a plurality of peaks;
identifying a first peak included in the plurality of peaks that resides at least a
threshold distance away from an origin of the first cross-correlation; and

determining the first time offset based on the first peak.

18.  The non-transitory computer-readable medium of claim 11, wherein the first
voltage fluctuation occurs when a first solar panel output is modified at the first
location, and the second voltage fluctuation occurs when a second solar panel output
is modified at the second location, wherein the first solar panel output is modified in
response to a first cloud modifying solar irradiance at the first location, and the
second solar panel output is modified in response to the first cloud modifying solar

irradiance at the second location.
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19.

The non-transitory computer-readable medium of claim 18, wherein the first

cloud moves between the first location and the second location with a direction and

velocity that corresponds to the first wind vector.

20.

A system, comprising:
a first node that resides at a first location within a network and performs the
steps of:
measuring a first plurality of voltage fluctuations within a first power line
to generate a first voltage time series, wherein the first node is
coupled to the first power line, and one or more of the voltage
fluctuations occur in response to changes in solar irradiance at
the first location,
generating a first cross-correlation between the first voltage time series
and a second voltage time series,
determining a first time offset based on the first cross-correlation,
wherein the first time offset indicates a first delay between a first
voltage fluctuation included in the first voltage time series and a
second voltage fluctuation included in the second voltage time
series, and
computing a first wind vector based on the first location, the second
location, and the first time offset, wherein the first wind vector
indicates one or more points in time when solar power generation
decreases at one or more locations within the network; and
a second node that resides at a second location within the network and
performs the steps of:
measuring a second plurality of voltage fluctuations within a second
power line to generate the second voltage time series, wherein
the second node is coupled to the second power line, and
transmitting the second voltage time series to the first node across the

network.
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