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METHOD AND SYSTEM FOR AGGREGATION AND CONTROL OF ENERGY GRIDS
WITH DISTRIBUTED ENERGY RESOURCES

BACKGROUND

These teachings refate generally to power grid control, and, more particularly, to
control of grid of Distributed Energy Resources.

The deployment of Distrituted Energy Resources (IDERs} is growing and has an
impact on slectric utility distribution networks, While DERs are increasing the volume of
available energy resources with thetr multitude of benefits, further work is needed to assure
successinl management of a diverse and distributed energy mix,

The growing deployment of DERs leads to an electrical system thal reguires
coordinated control functions that are more distributed than centralized. The growing
deployment of DERSs requires new energy markets operating at real-thme supply and demand
decision points,

Existing and emerging optimal power flow solutions, finding an operating point of the
power system that minimizes a cost function, rely on information from both the utility
operational control networks and information technology networks, In the iraditional power
grid the power flow problerm is typically solved by centralized solvers that collect all the
necessary field data, compute the optimal configuration, and dispateh the power production to
the generators. However this approach is not practical in the distribution grids with distributed
DERs, due to the frequent variability of the local grid conditions, to the poor prediclion on
distributed generators energy offer and consumer demand, and to the fact that generators can
unexpectedly connect or disconnect. There is also cost, complexity, and dependency in
relying on the utilities as monopolies to effectively execute unfavorable market based energy
frade economy among DERs.

T order to cost-efficiently utilize large volumes and numbers of DERs on the existing
grid infrastructure, the power grid needs to cmbrace new methods of grid control, capable of
operating independently of utility operational systems,

Therefore, & solutions should not rely on data from the utility operational control
networks, but only rely on data from the utility and/or non-utility information technology

networks,
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BRIEF SUMMARY

Method and systerns for aggregation and control of energy in power grids including
distributed ensrgy resources are provided herein below. The method and system provided
herein below use the inlelligence available in the information data netwark, and aveid
dependence on the uiility/sysiem operator operational data network.

In one or more embaodiments, the method of these teachings tor obtaining a power
fHow sohution for a first level network including distributed energy resources includes (a)
acquiring measuremenis from the number of sensors distributed up 1o an edge of the first level
network, the measurements comprising current, voliage, active power, reactive power, control
mode and data of interconnectivity, the data not including data from utility operational
networks, the utility operational networks including substations and circuit switches, (b}
obtaining observability metrics from the measurements, (¢) determining whether the fivst level
network is observable, (d) determining, when the first level network Is not observable,
whether additional measurements are available, () acquiring, when additional measurements
are available, the additional measurernents and repeating steps {bi-(d), (f) receiving, when
additional measurements are not avatlable, pseudo-measuroments based on recently acquired
measurements in order to render the first level network observable, the pseudo-measurements
being defined by a first level supervisory subsystem, {g} performing, when the first level
network is observable, state estimation, (h) detecting and identifying, after the state
estimation, bad data, (i) recelving a determination, resulting from the bad data, of whether a
new state cstimation is required; determination of whether a new state estimation is required
is performed by the first level supervisory subsysterm, () repeating steps (a)-(1) when the new
state estimation is required, and (k) determining, when the new state estimation is not
required, distributed power flow for the first level network,

In one or more embodiments, the method of these teachings for aggregation of a
network, the network comprising a number of first level networks, each first level network
including disteibuted energy resources and sinke, inchudes receiving at sach of a number of
first level supervisory subsystems, distributed power flow a first level netwaork, the
distributed power flow obtained by the method disclosed hereinabove, detenmining, at each of
the suniber of first level supervisory subsystems, a price clearance for the first level network,

determining, at each of the mumber of first lovel supervisory subsystems, whether to

o
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recaloulate distributed power flow for the first level network, determining, at each of the
number of fivst level supervisory subsystems, whether to reinitiate a power flow solution for
the first level network, and deterroining, at each of the number of first level supervisory
subsysterms, whether to request dispateh of the first level network,

S in one instance, the method of these teachings for aggregation of a network also
includes receiving, at one of a number of second level supervisory subsystems, the distributed
power flow for the first level network from at least two of the number of first level
supervisory subsystems, determining, from the distributed power flow for at least two first
tevel networks, at the one of the number of second level supervisory subsystems, power flow

10 parameters ai a node corresponding to said one of the number of second level supervisory
subsystems, and deciding, at the one of the number of second level supervisory subsystems,
whether to reinitiate distributed power fow caleulations on the mumber of first level
supervisory subsystems, the decision of whether to reinitiate distributed power flow
calculation based on whether errors exceed a predetermined tolerance.

15 In another instance, the method of these teachings for aggregation of a network also
includes providing, to a junction point supervisory subsystem, distributed power flow
information from two lower level supervisory subsysterus, each lower-level supervisory
subsystem being one of an intermediate level supervisory subsystem or a second level
supervisory subsystem, s junction point being a network logic point, performing, at the

20 junction point supervisory subsystem, state estimation in order to reduce errors, and
analyzing, at the junction point supervisory subsysiem, grid edge measurements, the grid
edge measurements comprising voltage flnctuations on both sides of switch nodes,

In one or more embodiments, the aggregation/supervision system of these teachings

includes a number of first level supervisory subsystems and a number of second level

b
.

supervigsory subsystems. Each fivst level supervisory subsystem is configured to (&) acquire
measurements from the number of sensors disiributed up to an edge of a first level network,
the measurements comprising current, voliage, active power, reactive power, conirel mode
and data of interconnectivity, the data not including date from utility operational networks,
the utility operational networks inchuding substations and cirenit switches, (b} obtain

30 oheervability metrics from the measurements, (¢} determine whether the first level network is

observable, (d) determine, when the fivst level network is not observable, whether additional
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measurements are available, (g} acquire, when additional measurements are available, the
additional measurements and repeating steps (b3(d), () provide, when additional
measuroments are not available, pseudo-measurements based on recently acquired
measurements in order o render the first level network observable, () perform, when the first
level network is ohservable, state estimation, (h) detect and identify, after the state estimation,
bad data, (i} provide a determination, resulting from the bad data, of whether a new stale
estimation is required, () repeat steps (ai-(i) when the new state estimation is required, (k)
detenmine, when the new state estimation is not required, distributed power fow for the first
level network, receive distributed power flow the first level network, determine a price
clearance for the first level network, wherein determining the price clearance comprises using
utility/public distribution system snergy sell/buy price offerings for each subnetworks within
the first level network and seli/buy price offerings for each subnetwork, determine whether to
recaloulate distributed power fow for the first level network, determine whether to reinitiate a
power flow solution for the first level network, and determine whether fo request dispateh of
the first lovel network. Fach second lovel supervisory subsystem is configured to receive the
disiributed power flow for the first level network from at least two of the number of first level
supervisory subsystems, determine from the distributed power flow for at least two first level
networks power flow parameters at s node corresponding to said each second level
supervisory subsystems, and decide o reinitiste distributed power flow caloulations, the
decision of whether to reinitiate distribuied power flow calculation based on whether errors
exceed a predetermined tolerance,

In one instance, the aggregation/supervision system of these teachings also includes ¢
junetion point supervisory subgystem, a junction point being a network Iogie point, The
junction point supervisory subsystem is configured to receive distributed power flow
information from two lower level supervisory subsystems, each lower-level supervisory
subsystem being one of an intermediate level supervisory subsystem or a second level
supervisory subsystem, perform state estimation in order to veduce errors, and analyze grid
edge measurements, the grid edge measurements comprising vollage fluctuations on both
sides of switch nodes.

A nurnber of other embodiments are also disclosed.
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In order to cost-efficiently utilize large volumes and numbers of distributed energy
resonrees (DERS) on to the existing grid infrastructure, the power grid needs to embrace new
methods of grid control. The embodiment of these teachings outlined herein addresses this
need by providing a transformational grid control architecture that performs distributed power
flow caloulation, distributed computation and distributed control that avoids the complexity
and dependency on system Integration with raditional Operational (OT) Data Network {e.g.
SCADA)

As number of DERs is expected to significantly increase in the near future, the
existing technologies solution archilectures will demand large amount of synchronized
measurements in real time, posing unachievable reguirements on a ntility and/or aggregator
communications network infrastructure. Furthermore, dependence on both wtility OT and IT
data networks simply anchor these solutions to applications within utility operations, likely
imposing severe Hmitations on implementation of a free market based SCONOMIeS,

Unlike existing and emerging solutions that rely on information from both the wiility
operational control networks and Information technology networks, one embodiment of these
teachings does not integrate with wtility control networks. Thus, these teachings avold the
cost, complexity, and dependency of relying on the utilities as sctive participants i the
energy trade economy. Designed for operation on large (uiilily) scale networks, these
teachings accomplish this goal by uillizing only information available on the grid edge, The
systemn establishes distinet network routes in order to determine the state of nodes between
energy sources and sinks of interest, With that information, the distributed cloud
computational engine engages the distributed power flow solution in order 1o determine
optimal dispateh schedule for net-loads, including associated local autonomous grid edge
devices conirol set points that support transactional objectives while supporting couservation
of system parameters within allowable Hmits,

Operating independently from the utility OT data network, embodiments of these
teachings, comtrel of net-load provides proactive dynamic system response and shaping of net-
load by taking into account net-load mutual Impact, generation & load profile projechions,
pricing, weather data, network properties, and communications network performance. This
architecture enables “plug and play” opportunities for large scale integration and utilization of

DERs. In addition, in these teachings, robust power flow caleulation and computation
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techuiques are vesilisnt to outlying measurements and/or adversarial cyber-atiacks.

Furthermore, the cormercial solution of these teachings embraces interactive and frans-active

energy economy among neighbors and communities.

For a better understanding of the present teachings, together with other and further

pbicets thereof, reference is made to the accompanying drawings and detailed deseription and

its scope will be pointed 0w in the appended claims.

BRIEF DESCRIPTION OF THE DRAWINGS

FI{L 1 depicts a portion of a power sysiem as used in one embodiment of these
teachings;

FIG, 2 depiots a subsystem as used in one embodiment of these teachings;

FIGH 2 depicts a leaf network as used in one embodiment of these teachings:

FIG. 4 depicts the (subnetwork distribution scheme as in one embodiment of these
teachings;

FIG, § depicts the leaf network distributed power flow solution process in one
embodiment of these teachings;

FIG. 6 depicts the distibuted power flow state estimation, caleulation and
sompuiation aggregation process in one embodiment of these teachings;

FIG. 7 depicts the distributed bottom-up solution aggregation and distributed top-
down solution optimization aggregation routine process in one smbodiment of these
teachings;

FIG. 8 depicts distributed aggregation of energy trade in one embodiment of these
teachings;

FIG. 9 depicts an auction targeted energy irade process in one embodiment of these
{eachings; and

FIG. 10 shows an embodirent of components in embodiments of the system of these

teachings.

&
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DETAILED DESCRIPTION

The deseription is not to be taken in a limiting sense, bt is made merely for the
purpose of llustrating the general principles of these teachings, since the scope of these
teachings is best defined by the appended claims.

The above illnstrative and further embodimenis are described below in conjunciion
with the following drawings, where specifically numbered components are described and will
be appreciated to be thus deseribed in all figures of the disclosure.

As used herein, the singular forms “a,” “an,” and “the” include the plural reference
uniess the context clearly dictates otherwise,

Method and systems for aggregation and control of energy grids including distributed
energy resources are provided herein below, The method and system provided herein below
use the intelligence available in the information data network, and avoid dependence on the
utility/systern operator operational data network,

In one or more embodiments, the method of these teachings for obtaining & power
flow solution for a first lovel netwerk including distributed energy resources includes {a)
acquiting measurements from the number of sensors distributed up to an edge of the first level
network, the measurements comprising current, voltage, active power, reaciive power and
data of interconnectivity, the data not including data from utility operational networks, the
wiility operational networks including substations and circull switches, (b} obtaining
observability metrics from the measurernents, (¢} determining whether the first lovel network
is observable, () determining, when the first level network is not observable, whether
additional measurements are available, (¢} acquiring, when additional measurements arg
available, the additional resasurements and repeating steps (b)-{d), () receiving, when
addifional measurements are not available, pseudo-measurements based on recently acquired
measurements in order to render the first level network observable, the pseudo-measurements
being defined by a first level supervisory subsystemn, {g) performing, when the first lovel
network is ohservable, state estimation, (h) detecting and identifying, alier the state
estimation, bad data, (i} recelving a determination, resuliing from the bad data, of whether a
new state estimation is required; determination of whether a new state estimation is required

is performed by the first level supervisory subsystem, (§) repeating steps (a)-(1) when the new
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state estimation is required, and (k) determining, when the new state estimation is not
required, distributed power fow for the first level network,

I one or more embodiments, the method of thess teachings for aggregation of a
network, the network comprising a number of first level networks, each fivst fevel network
including distributed energy resources, includes recelving at each of a number of first level
supervisory subsystems, distributed power flow a first level netwark, the distributed power
flow obtained by the method disclosed hereinabove, determining, at each of the number of
first lovel supervisory subsystems, a price clearance for the first level network, determining, at
each of the number of first level supervisory subsysterns, whether to recalculate distributed
power flow for the first level network, determining, at each of the number of first level
supervisory subsystems, whether to reinitiate a power flow solution for the first level network,
and determining, at each of the number of first level supervisory subsystems, whether o
reguest dispateh of the frst level network.

In one instance, the method of these teachings for aggregation of a network also
inciudes receiving, al one of a number of second level supervisory subsysiewms, the distributed
power fow for the fivst level network from at least two of the pumber of first level
supervisory subsystems, determining, from the distributed power flow for at least two first
level netwaorks, at the one of the number of second level supervisory subsystems, power flow
parameters at @ node corresponding to said one of the number of second level supervisory
subsystemns, and deciding, at the one of the number of second level supervisory subsysiems,
whether to reinitiate distributed power flow calculations, the decision of whether 1o reinitiate
distributed power How caleulation based on whether errors exceed a predetermined tolerance,

In another instance, the method of these teachings for aggregation of a network also
includes providing, to a jusction point supervisory subsystem, distributed power flow
information from two lower lovel supervisory subsystems, each lower-level supervisory
subsystern being one of an intermediate level supervisory subsystem or a second level
supervisory subsystern, a junction point being a network logic point, performing, at the
junction point supervisory subsystem, siate estimation in order t reduce errors, and
analyzing, atthe junction point supervisory subsyster, grid edge measurements, the grid
edge measurements comprising voltage fluctuations on both sides of switch nodes.

One embodiment of these teachings obtains actual data:
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real time {current, voltage, active power, reactive power, conirol mode) measurement
of one or more parameters taken by a plurality of sensors distributed throughout the edge of
power distribution system; and

data of the interconnectivity of a multitude of the utility and home area network
elements of the power distribution system;

Ume embodinment of these teachings continuously performs disiributed data
acquisition, distribuied state estimation, distributed power flow caloulation, distributed
computation and distributed control across all regions where these feachings operate.

FIG. 1 depicts a portion of a power system 100 that comprises of multiple subsystems,
mutually coupled via boundary energy routing mediums (ERM) such as slectromagnetic
resonators (104) or power lines (106). For distributed state estimation and distribwted power
flow caloulation purposes, the boundary bus (102} is considered to belong to both coupled
subsystems,

FIC3 2 depicts a subsystem (200) that may counsist of various wtility network (202}
elements {UNE), public network (204) elernents {(PNE), home area network (206} elements
(HANE), sensors (208), power lines (210) and energy routing medivms212. For each
subsystem, this embodiment of these teachings defines a number of subnetworks, starting
from the very edge of the power grid with leaf networks. The subsystem size is defined based
on the location of sources and sinds that participale in the energy transaciion on the power
grid. Therefore, the subsystem size could be as small as a leaf subnetwork or a group of
interconnecied neighboring leaf subnetworks, and as large as distribution substation or group
of interconnected neighboring distribution substations power grid area.

FIG. 3 depicts a leaf network {also referred to a5 a first level network) consisting ofa
service transformer (302) that steps down wility/public network primary medium voltage
(MY t0 a secondary low voltage (LV, utilized by home area networks that are fed off of that
service transformer. The home area networks are connecied fo the utility/public power system
via the secondary service power lines (316) and secondary service drop power lines (318},
{The home area networks are also referred to as subnetworks within the first leved network.}
Home area networks could be mutually coupled with devices (314) that exchange energy via
mediums other than power lines (316 and 318). We call these devices (314} glectromagnetic

resonators (see, for example, U8, Patent 8,400,022, which is incorporated by reference herein
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in its entivety and for all purposes) (EMR). The service iransformer high side point is the leaf
metwork head bus and represents the boundary bus with the higher level subnetworks, This
utitity/public network primary voltage side is ssen as a strong source from the leal petwork
prospective. One embodiment of these teachings takes advantags of this weak elecirical
coupling by forming a number of leal networks in each of the power subsystem,

During system operation, this embodiment of these teachings actively reaches owt to
the field devices for new measurements/statuses on priority basis determined by the
distributed power flow solution {state estimation, caleulation, computation and control} needs,
as well as distribution communications network capability. One embodiment of these
teachings collects rmeasurementa/data from:

A utility/public meter 304 at the HAN premises, including but not limited to power
consumption/production and voltage at the HAN meter point.

A HANE meter 310 within the HAN premises, including but not Imited to power
consumption/production and voltage, energy capacity/demand, energy buy/sell price oifer,
and control mode and status of various HAN elements (306). A HANE could be a direct
current {30 source/sink, which is connected to the rest of the HANE vis an (AL
inverier {308},

An ERM meter 322 within the HAN premises, including but not Heatled to power
exportfiraport from the HAN via non-power line energy roniing roedium (320}
capacity/demand, energy buy/sell price offer, and control mode and status of various HAN
elements (306},

Unlike existing solutions, the embodiment of these teachings do NOT require any data
from utility OT network, including substation and cireult switch position,

FIG. 4 depicts the distributed power flow caloulation, distributed state estimation and
distributed computation organization, starting with the first level networks (402) where
distributed power flow solution, distributed state estimation and distributed computation are
executed for each leaf network (406). For each leaf network, the head bus represents the
boundary bus, which has associated parameters and states determined as part of the
distributed power flow calonlation, distributed state estimation and distributed coraputation
process. For the purpose of solution aggregation in higher level networks (404), one

embodiment of these teachings creates large number of higher level subnetworks in

18
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correspondence with the network elecirical strength and power grid topology. Network
electrical strengsh is determined based on the source impedance value seen from the particular
point in the power grid; the higher the source impedance, the weakier electrical strength s,
Utility/Public primary distribution networks ave typically considered as networks in which
line to line voltage under normal operating conditions is between 1000 V but less than 69 kV,
Subtransmission networks (410} are considered to be networks in which line to line voltage
under normal operating conditions is equal or greater 1o 69 KV but less than 115 kV.
Transmission networks (412) are considered 1o be networks in which line to line veltage
under normal operating conditions is 113 KV or greater,

The first (leaf network) level is managed by a distributed computing supervisory level
(“supervisor™), responsible for the leaf network state observation, local state estimation, bad
data detection, and if requested control execution. The second (higher) level network s
managed by hierarchical supervisory levels for the purpose of power flow solution
aggrogation, network topology processing, task synchronization, data exchange among
subnetworks, and control coordination. As mentioned above, the boundary bus (414} resides
in both parent and child subnetworks.

Rased on the mode of operation, syster objectives, as well as geographical location,
electrical distance, economic parameters, electrical parameters {e.g. power, voltage) of energy
sources & sinks, the embodiment of these teachings starts the process to deterroine states at
nodes between sources and sinks of interest, including but not Hmited to each subnetwork
existing states and boundary points {consumption and production) capabilities. The process
defines the location, schedule and frequency of measurement reads from within the leat
network meter {grid edge) points, The process of determining states at nodes of interest
consists of iterative bottom-up (upstream) and top-down (downstream) distributed calculation
and computation Herations until acceptable solution is reached. After states for nodes of
interest are determined, the embodiment of these teachings defines dispateh/transaction
schedules that meet system energy/economy objectives while securing system electrical
parameters to siay within allowable Hraits, Both bottom-up and top-down distribution
cafeulation and computation process might invoke a top-down and bottom-up solution

distribution caloulation and computation routine, respectively.

il
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FIG. 5 depicts the leaf network distributed power flow solution process. The initial
process starts with acquisition of measurements (502). The new measurements are added to
the ohservability health metrics (504) process for state estimation that outlines measurement
design and maintains system measurement guality with time sterps when measurements were
taken and/or obtained. (For ohservability and observability metrics see, for example,
FETZER, Erwin Enrigue, OBSERVARBILITY IN THE STATE ESTIMATION OF POWER
SYSTEMS, Phi) thesis, Iowa State University, 1972, Electrical Engineering, or Utka Tk,
Observability Methods in Sensor Scheduling, PhD thesis, Arizona State University, 2015,
both of which are Incorporated by reference hereln in their entirety and for all purposes, For
state estimation in power systems, see, for example, Haxiong Chen, Yuan Liao, State
Estimation and Power Flow Analysis of Power Systems, JOURNAL OF COMPUTERS,
VOL. 7, NO. 3, MARCH 2012, or Power System State Estimation: Modeling Error Bffects
and Impact on System Operation, Proceedings of the Hawali International Conference Un
System Sciences, January 3-6, 2001, Maui, Hawaii, or A, Monticelli, Electric Power System
State Fetimation, PROCBEDINGS OF THE [EEE, VOL. 88, NO. 2, FEBRUARY 2000, all of
which are incorporated by reference herein in their entirety and for all purposes.)

Sach leaf subnetwork is assigned a measurement life dynarnic index that defines the
probability for network states to be changed more than a given tolerance within g given time
interval under given conditions. In other words, the measurement Hfe dypamic index is used
to determine whether the old measurement is considered valid or expired. Observability health
metrics carries a set of observability definitions, of which one must be satisfied for the leal
subnetwerk system to be considered as potentially observable. Unloss acquired megsurements
satisfy one of the observability health metrics definitions for the state estimation need, older
useful (nop-expired) measurements might be used or new additional measurements might be
required (308). If new measurements are obtained, observability health mairix takes newly
acquired measurements and adds previousty acquired { non-expired) measuremenis uniil one
of the observability definitions is met. If none of the observability health metries observabilily
definitions are satisfied, the observability booster (310) will define peendo measurements
hased on available measurements, measurernent life dynamics indexes for the expired
measurements, and similarity indexes. (See, for example, K. A, Clements et al,, FOWER

SYSTEM STATE BESTIMATION WITH MEASUREMENT DEFICIENCY:AN

t2
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OBRSERVABILITY/ MEASUREMENT PLACEMENT ALGORITHM, IEEE Transactions
on Power Apparatus and Systems, Vol PAS-102, No. 7, July 1983, which is incorporated by
reference herein in iis entivety and for all purposes.) The supervisors in higher level
subnetworks assess historic measurements and distribution power flow solution states to
define similarity indexes. The supervisory lovels organize measurements based on
measurement classes that consist of measurements (e.g. active or reactive power, home
ternperatures, ete,) historically significantly similar to each other but distinet from
measurements in other classes among the leaf subnetwork elements and/or all other feaf
subnetworks for a given set of conditions {e.g. time of day, season). The purpose of the
similarity index is for the leaf subnetwork supervisor to define pseudo measurement hased on
the recently acquired rocasurement that belongs to the same class within the same leaf
submetwork or other subnetwork on the system. The older and psendo measurements might or
might not be assigned high variances (lower weights) during the state estimation process
{512). The bad data process {§14) follows the state estimation process. (See, for example, B.
Handschin, F. C Schweppe, et al, BAD DATA ANALYSIS FOR POWER SYSTEM
CTATE ESTIMATION, IBEE Transactions on Power Apparatus and Systerns, vol. PAS-B4,
no. 2, March/April 1975, and L. Mili et al, HYPOTHESIS TESTING IDENTIFICATION: A
NEW METHOD FOR BAD DATA ANALYSIS IN POWER 8YSTEM STATE
ESTIMATION, IREE- Transaction on Power Apparatus and Systems, Vol PAS-103; No. 1,
November 1984, hoth of which are Incorporated by reference herein In thelr entirety and for
all purposes.) Based on what i3 identified as bad data, a new instructed state estimation
process might be required ($18). For example, if a set of new measurements is identified as
bad data over older non-expired and/or pseudo measurements data, the state estimation
process might be requested by the supervisor with clear instructions {e.g. adjust/reduce
weights on old or pseudo measurements) how to proceed with the new state estimation
ProCess.

The distributed power fow caleulation (518) takes state estimation values, sets focal
control mades at nodes, solves the subnetwork power flow for current dispateh and projects
system conditions for a given time interval {e.g. 13 min, 1 hour, 4 howrs, 24 hours), If
potential viclations expected or new offers/targets in place, the leaf subnefwork optimization

process takes inio acconnt targeted dispateh and current schedule in order to determine
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optimal dispatch of leaf network resources based on economic parameters, as well ag voliage
and thermal constraints in place. An example of the leaf network resources could be selected
HANs to participate in the energy trade auction process.

A distritated power flow calculation for the leaf subnetwork examines, determines
and reports the following:

Whether existing local control modes can secure leaf subnetwork parameters o stay
within allowable limits while mesting dispatch targsts requested by leaf subnetwvorks
supervisor;

If existing local control modes (e.g. Volt-VAR, Power Factor) ave not capable to meet
dispatch targets, determine local control modes in order to meet dispateh targets reguested by
leaf subnetworks supervisor while maintaining leaf subnetwork parameters within allowable
fimits;

Extent to which the leaf subnetwork can partially support dispaich targets while
maintaining leaf subnetwork parareters within allowable timits, If dispatch targets canunt be
reached; AND '

Leaf network energy-time (kWh) importing/exporting capacity fovecast for the
existing/targeting dispateh schedule and maximum leaf subnetwork {locally optimal}
export/import capabliity for expected conditions. The import/export forecast takes inlo
account projected atiributes, including but not limited to energy consumption, energy
production, pricing and weather data.

Following the distributed power flow calenlation (518} for the optimal dispateh of leaf
network resources and sinks, the supervisor level determines the price clearance for the
energy transaction (520}, if any. The distributed power flow caloulation and price clearing
resulis are reported to the leaf subnetwork supervisor (522}, The results include leaf
subnetwork electrical parameter values (Voltage, Angle, Active Power, and Reactive Power)
and other quantities such as leaf subnetwork energy capacity/demand schedules, energy
selt/buy bids, price clearance, and local status & control modes are assigned to the head bus;
become virtoal measuremenis for the solution aggregation process described in Figure 6.
Based on leaf network solution standings in all leaf networks supervised by the leaf network
supervisor, the leaf subnetwork supervisor deterraines and informs qualified wmarket

participants of the price clearance results for each of the leal network”s for proposed ieaf
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network energy transaction {522). Selected market participants to participate in energy
transaction{s) can accept or not accept the price clearance results and schedule within the
given time frame, with an option to resubmit an offer. In coordination with its supsrvisory
level, the leaf subnetwork supervisor roight or might not reinitiate paris or entire leal
subnetwork solution process with new offers from market participants that did not accept the
price clearance and schedule.

The supervisor of a set of leafl subnetworks that observes one or more leaf
subnetworks can insiruct a new distributed power flow caloulation {(§24)518 (e.g. change
sorme/all control modes), instruct a new siate estimation process with new data acquisition
(526, 502}, or initiate a new optimization problem solution {e.g. new price offering). The leal
subnetwork supervisory level might or might not be asked to publish energy tfrade bid
selection {528) and/or dispatch/conirel devices (330}, The leaf subnetwork supervisor
maintaing regular operating rontines 532 {e.g. 4 hours load and generation projection based on
weather updates and pricing signals) when distributed power flow calculation in leaf
subnetworks is completed.

FIG. 6 depicts the distributed power flow siate esthmation, distributed caleulation and
distributed computation aggregation process. The solution aggregation is executed on an
entire petwork of interest, composed of a mumber of subnetworks connected at boundary
nodes. The subnetworks consist of 2 or more nodes. The solution aggregation process is
coordinated among various supervisory levels for the purpose of power flow solution
aggregation, network topology processing, task synchronization, data exchange among
subnetworks, and control coordination. The distributed state estimation and distributed power
flow caloulation are nsed to determine the electrical parameters in the pavent nodes based on
the caleulated values at the boundary nodes. In addition, the distributed state estimation
nrocess is uiilized to assess the network topology/solution correciness,

The parameters of leaf subnetwork 1 head bus 602h are caleulated based on grid edge
measurement data related to HAN buses 6023, 602b and 602¢. The parameters of leat
subnetwork 2 head bus 604h are calculated based on edge measurement data related to HAN
buses 604a and 604b. The parameters of leaf subnetwork 3 head bus 606h are caleulated
based on edpe measurement daia related to HAN buses 606a, 606b and 606¢. The parameters

of leaf subnetwork 4 head bus 608h are calculated based on edge measurement data related to
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HAN bases 60%a and 608b. The leaf subnetwaork head bus parameter caloulation continues for
all required leaf subnetworks in accordance to system objective needs,

From the leaf subnetworks level perspective, the parent {(Supervisory Level 23
subnetwork edge (“o”) boundary nodes are assigned with the leaf subnetwork head bus
parameters caloulated as part of the leaf network distributed power How stale estimation,
calculation and computation process. Leaf subnetwork head bus parameters become virtual
edge measurements for the higher level subnetworks. In the presented solution aggregation
example: boundary nodes 602e, 604e, 606¢ and 608e parameters have identical parameters as
leaf networks head bus nodes 8025, 604h, 606h, and 608h, respectively. For example, the
supervisory levels 2 utilizes the disuributed state estimation, distributed power flow
calenlation and distributed computation to determine parameters at the node 610k based on
values in boundary nodes 602 and 604e (generically labeled 688}, Similarly, with edge
values 606e and 608e, another supervisory level 2 utilizes the distributed state estimation,
power flow calculation and computation to determine parameters at its subnetwork head bus
£17h. The supervisory levels (2 or higher) might reinitiate the distributed power How
caloulation and computation process at some leaf network if mismateh at boundary buses
exceeds the predefined tolerance. The supervisory level 3 subnetwork head bus (620) is
reporied (6186) to the next supervisory level as a virtual grid edge messurement for the node
624, Based on needs, the higher level supervisors can consolidate the lower level supervisors.
For example, existing supervisor level 2 responsible for nodes 602e, 604e and 610h,
supervisor level 2 responsible for nodes 606e, 608¢, and 612k, and supervisor level 3
responsible for nodes 614, 618 and 620, could be merged into one supervisory level, similar
fo supervisory level 2 (622). Figure 6 demonstrates a scenario where JF supervisory level
obiains ite edge grid virtnal measurements for node 624 from the lower level supervisory level
3 and for node 626 from lower supervisory level 2 {8221

The junction point {JP) supervisory level operates at the junction point, which is a
fogic point on the network {e.g. switch). The switch represents 3 device with two terminals
{nodes}. The switch position is either open (630 or close {(632). Any closed switch position is
interpreted as voltage magnitude and angles equal at both switch nodes. A closed switch
example is demonsirated with nodes 624 and 628, both assumed to have equal voltage

magnitudes and angles. Any open switch position is interpreted as 2ero active and reactive
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power flow between the switch nodes, An open switch example is demonstrated with nodes
626 and 628, assigned zero active and reactive power flow between them. This aggregation
process step includes network topology assessments:

Calculation routine — State estimation with the objsciive to minimize the funclion
contingent upon the residuals for the virtual measurements {obtained as a result of the
distributed power flow state estirsation, distributed caleulation and distributed computation in
the lower level subnetworks) and interpreted swilch nodes states/positions. In the event that
assumed network topology is wrong, the state estimator would not solve or, if il solves,
provide large residuals as a result of the aggregation process.

Logic routine — Conclusion based on the power grid edge measurements, ncluding but
not Hmited to voltage fluctuations patterns on both sides of the switch nodes, and deenergized
states within subnetworks between one or more neighboring switching poinis,

The IP supervisory level virtual edge measurements (624) are reported as lower
supervisory level head bus (620) parameters, The JF supervisory level performs the
distributed state estimation and/or distributed power flow caleolation with device (e.g. switch)
statuses “as is” or assamed. The solution that matches the tolerance is then nsed to assign
parameters to the JP subnetwork head bus {628}, which is then reported/linked (694} to the
next supervisory level, The solution mismateh requires distributed caloulation and distributed
computation re-indtiation and coordination with the lower and/or higher supervisory levels.
The distributed power flow calenlation and distributed computation process continues until ali
necessary parameters at the nodes of interest are determined. Al that time, the process for
determining optimized solution that meets system objective is initiated.

Figure & also demonstrates supervisory level N virtual subnetwork edge measurements
be assigned with values of lower level connected {generically labeled 694) boundary nodes,
such as node 696 assigned with values of the node 628 from the lower (JP) supervisory fevel,
The supervisory level N utitizes the distributed state estimation, power flow calenlation and
computation to determine parameters at its subnetwork head bus 696, The supervisory level N
might reinitiate the distributed power flow caloulation and compuiation provess at some lower
supervisory levels if mismateh at boundary buses exceeds the predefined tolerance. The

supervisory level N subnetwork head bus (696} is repotted to the next higher supervisory
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level (N+1} as a virtual grid edge measurement. Based on needs, the higher level supervisor
N+1 can consolidale the lower level N supervisors.

The supervisory level N+1 head bus is a boundary bus, providing virtual subnetwork
measurements for the higher supervisory level N+2, The structured mapping {s maintained
until the network head bus is veached.

FIG. 7 depicts the disiributed bottor-up solution aggregation and distributed top-
down solution optimization aggregation routine process, which staris either with acquisition
of needed grid edge measurements in leaf subnetworks or with initialization of the distributed
optimal solution aggregation process by the appropriate supervisory level it all required node
states are known,

The optimization problem is solved for the weighted functions according to attributes
that define electrical and non-elecirical interaction among the sources and sinka, The
atiributes include but are not Hmited to correlation between the sink and the souree
impedance, voliages at source and sink location, and source and sink offering prices.

Figure 7 shows the process that starts with the distributed bottom-up solution
aggregation process. Electrical and non-elecirical parafneters for the leaf network that are
determined as product of the distributed power How state estimation, distributed caleniation
and distributed computation in the leal subnetworks is reported by the leaf subnetwork
supervisor (702) to an appropriate next supervisory level {2), which determines whether 1o
reinitiate distributed state estimation, distributed calculation and distributed computation in
any of the subnetworks supervised by lower (e.g. leaf subnetwork) level SUPCTVISOTS,

f awitch points present in the subnetwork, the subnetwork bottorn-up solution
aggregation process is supervised by the junction point supervisor at sach switch point, Figure
7 defines the first level JP supervisory level at performing distributed state estimation and/or
caleulation at 704, There might be multiple supervisory levels between the supervisory level 1
(leaf subnetworks) and junction point supervisory level. For demonstration purposes, we
define level 1 as supervisory level for leaf subnetworks and N-2 additional supervisory levels
that aggregate the subnetwork solution to the junction point, Furthermore, there might be
multiple junction point supervisory levels with multiple supervisory levels among them. In
our example, there are K junction point supervisory levels. Figure 7 demonstrates the bottom-

up solution aggregation reaching the Junction Point K supervisory level (708) and Junction
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Boint K supervisory level requesting Junction Point 1 supervisory level fo reinitiate (710)
backing down the solution bottom-up aggregation process with new instructions for the
Junction Point 1 supervisery level, such as different switch configuration on Junction Point |
supervisory level, Furthermore, Figure 7 dernonsirates an example of the Junction Point 1
supervisory level performing the instructed task (712) and determines (7143t back-down the
bottom-up solution aggregation process by initiating one or more (Jeaf subnetwork)
supervisory levels 1o start the bottom-up solution aggregation with new
instructions/measurements in place.

The IP supervisory level proceeds with “as is” or assumed lower level network
topology and calculates the aggrogated solution error, which manifests as voltage and
active/reactive power magnitude differential between the reported values by lower level
supervisors and calculated values by the junction supervisor. If such error ocours, the IP
supervisor will engage “recipes” {rules) for determining ereor origin and mitigation of such
errors. An example might be that topology on the lower levels s different than what was
assumed, which iriggers investipation with junction point supervisors on lower levels 710~
712), if any. Another example is the junction point supervisor instructions {706, 714) to lower
supervisory levels (702} to reinitiate the leal subnetwork solution (e.g. reconsider pseudo
measurements used in distribution state estimation, caleulation and computation in leaf
subnietworks). A re-initiation of the distributed caleulation and compuistion on lower
networks on leaf network supervisory level represents an example of backing down the
bottora-up solution aggregation routine,

Tf solution error on the junction point supervisor level is within the tolerance, the
agpregated solution in the form of a virtual measurement is reported 1o the next level
supervisor. The process is continyed until the solution at the network head bug is aggregated
{716) by the highest supervisory level that we call the network head bus (HB) supervisory
fevel.

With states at all or selected nodes caleulated, the top-down solution optimization
process starts (718) with HB supervisory level initlating the optimization routines based on
the energy transaction requests. The HB supervisory level optimization results set targets for
the HB reporting supervisory levels, which then determine optimal targets for their

supervisory level and/or pass targets to lower supervisory lfevels,
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Diuring the optimization aggregation provess, all grid voltages are kept within the
allowable range. All Hine currents are kept below the line ratings. The apparent power
ransferred through the transformers and energy routing mediums are Hmited {o prevent
overload conditions. Also, the local control operating Himits {e.g. device reactive power
capability) are taken info account.

Figure 7 demonstrates the top-down distributed optimization process {718) with first
top-down optimization computational starting at hop 5. As needed, the supervisory levels
might back-up (726, 734) the top-down optimization process for one, few or ail higher
supervisory levels and/or re-initiate the botiom-up solution aggregation process (720, 732y for
one, few or more lower supervisory levels. During the bottom-up solution aggregation provess
initiated during the top-down optimization process, the supervisor level that initiated the
bottom-up schution aggregation (722) evaluates aggregated solution to determine {7324}
whether the top-down optimization process can procsed or the bottom-up solution aggregation
needs to proceed further (backing-up the solution optimization process further), Figure 7 alse
demonsirates a supervisory level IP-K stopping (728) the bottom-up sclution aggregation
process initiated by one of the lower supervisory levels within the top-down optimization
process, and continuing {730) with the top-down optimization process. Furthermore, Figure 7
dernonstrates one of supervisory levels deciding to psuse the top-down optimization process
(732 and invoke the bottorm-up solution process (734) that requires resolution on the highest
supervisory level HB (736}, afler which the top-down optimization process continues {738}

in Figure 7 example, the solution aggregation (84} and solution gptimization (80} is
completed in 9§ hop counts. In consecutive order, starting al count 11 84, SA, BA, BA, 50,
SA, SO, and SO. The fifth computation hop represents invoke of sohution aggregation within
the solution optimization process.

When solution optimization process is complete {740}, energy rescurces selected to
participate in the energy transaction are dispatched with appropriate schedules. During
transaction, designated supervisory levels perform real-time control and correction (if needed)
of energy resources that participate In the energy transaction, A control correction example is
a linear controller feedback loop that maintains (subinetwork import/export targets. HB
supervisory level performs linear control correction based on targeted gxport/import and

calculated (real-time) values. If caloulated ervor is greater than the tolevance, the HB
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supervisory level issues new (comectional} targets to one or more reporting supervisor levels,
which apply identical correctional functions downstream, if needed. Based on the system
architecture design and field conditions, a new command for HANs can be either channeled
via HB supervisory level or directly via leal subnetwork supervisory level,

FI3 & depicts distribuied aggregation of energy frade within the subnetwork and
among subnetworks interconnected via energy routing mediums, The energy trade price
clearance is determined for sach subnetwork as part of distributed power flow caleulation and
distributed computation solution aggregation process. The price clearance and energy trade
selection precess follows the Network Organization Scheme demonstrated in Figure 4, in
aceordance to subnetwork electrical strength. The price clearance could be only an internal
process attribute, used by supervisor levels to identify subnetworks with relaxed/stressed
conditions. An example is a high price clearance, identifying to supervisory levels that
additional energy import to downstream subnetworks is tightly bounded. A {one}
stility/public distribution system operator energy buy/sell price for the power subsystem
defines the trade area, Therefore, an energy trade area can be as large as the entive power
subsystem {6.g. system operator determined LMP pricing at the transmission substation level)
or as sroall as the leaf subnetwork, Within the trade are, HANSs can have their energy buy/sell
price offering.

As higher level subnetworks represent a strong source for the leaf subnetworks, the
price clearance is first executed at the grid edge within each of the leaf subnetworks with
offerings from:

(1) utility/public distribution sysiem energy sell/buy price offering to each of the
HANs within the leaf network, AND

(2} seli/buy price offering from each of the HAN,

As a result of the leafl subnetwork energy trade clearance, none, some or all HANs are
selected for the energy trade within the leaf subnetwork. Those HANs that are not selected for
energy trade within the subnetwork are reported 1o the supervisery tevels, which take these
unselected bids as energy buy/sell offerings for energy trade among the subnetworks.

P supervisary level explores switching options for more optimal energy trade. This
process requires re-initiation of solution aggrepation and optimization process for the

proposed topology. If system recopfiguration for sufficient time provides more optimal
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energy trade, the JP supervisor reports to the next supervisory level (N} reconfiguration
opportunity alongside results of the price clearance, energy trade selection and not selected
vesources with buy/sell price offerings for JP supervisory level.

Following the energy trade clearance, energy rade participating HANS real-time
demand/supply is recorded at regular intervals {e.g. 1 min, 5 min, 15 min}. Any deviation for
the demand/supply energy volume that was clegred for energy trade greater than the tolerance
requires re-initiation of the energy trade process for affected subnetworks,

The energy response suction {e.g. demand reduction, reserve regulation} can be also
inftiated by the HB supervisory level on behalf of the requestor: utility/system operator or
market participant{s), The reguestor subimits desived energy and offered price (502). HB
supervisor receives the request (904} level broadessis suction {(506) offer, requesting § per
energy unit (kVA, kW and/or kVA)) bid from HANs and/or HAN aggregators, Onee the bids
ave received (908) from some/all HANSs, the energy trade process starts with bids ranking
(210}, The ranking process is a result of the distributed bottorm-up aggregation and top-down
solution optimization process (demonstrated in Figure 7} followed by the energy trade
distributed aggregation process (demonstrated in Figure 8}, according to which initial auction
participants are selected, as described in Figure 9,

The distributed aggregation of energy trade determines total volume of energy, time
interval price and schedule to be offered to the requestor. If the reguestor’s volume, price and
schedule targets for energy transaction (912) can be met, the HB supervisor level obtains
confirmation from the requestor, delivers contractual insiructions to HANs and/or HAN
aggregators for alt HANS selected to participate in the auction, and issues largets to
supervisors to monitor and control the energy agreed trade transaction (916). the requesior’s
volume, price and schedule targets for energy transaction {912} cannot be met (914}, HB
supervisory level submits energy volume, price and schedule offer to the requestor and waits
for acceptance or new energy volume, price and schedule request from the requestor.

In one or move embodiments, the aggregation/supervision system of these teachings
inclndes a number of first level supervisory subsystems and a number of second level
sapervisory subsystems, Each first level supervisory subsystem is configured fo {a} acquire
measurements originating from the number of sensors distributed up to an edge of a first level

netwerk, the measurements comprising current, volage, active power, reactive power and
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data of interconnectivity, the data not including data from utility operational networks, the
utility operational networks including substations and circuit switches, (b} obtain
ohservability metrics from the measurements, (o) determine whether the first level network is
observable, (d) determine, when the first level network is not observable, whether additional
measurements are available, (&) acquire, when additional measurements are available, the
additional measurements and repeating steps (b)-(d), () provide, when additional
measurements are not available, pseudo-measurements based on recently acquired
measurements in order to render the first level network observable, (g) perform, when the first
level network is observable, state estimation, (h) deteet and identify, after the state estimation,
bad data, (i provide a determination, resulting from the bad data, of whether a new state
estimation is requived, (§) repeat steps (s)-(i) when the new state estimation is required, (k)
determine, when the new siste estimation is not required, disiributed power Hlow for the first
level network, receive distributed power flow the first level network, delermine a price
clearance for the first level network, wherein determining the price clearance comprises using
utility/public disteibution system energy seli/buy price offerings for each subnetworks within
the first level network and sell/buy price offerings for each subnetwork, determine whether to
recalonlate disiributed power flow for the first level network, detormine whether to reinitiate a
power flow solution for the first level network, and determine whether 1o request dispateh of
the firet level network, Hach second level supervisory subsystem is configured to receive the
distributed power flow for the fivst level network from at least two of the number of first level
supervisory subsystems, determine from the distribuied power flow for at least two first level
networks power flow parameters at a node corresponding to said each second level
supervisory subsystems, and decide to reinitiate distributed power flow caleulations, the
decision of whether to reinitiate distributed power flow caleulation based on whether errors
exceed a predetermined tolerance,

In one instance, the aggregation/supervision system of these teachings also includes a
junction point supervisory subsystem, a junction point being a network logie point, The
junction point supervisory subsystem is configured to recelve distributed power flow
information from two lower level supervisory subsystems, each lower-level supervisory
subsystem being one of an intermediate level supervisory subsystem or a second level

supervisory subsystem, perform state esilmation in order to reduace errors, and analyze grid
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edge measurernents, the grid edge measurements comprising voltage fluctuations on both
sides of switch nodes.

n one instance, each first level supervisory subsysiem from the number of first level
supervisory subsystems is further configured to select demand/supply offers for some
subnetworls for energy trade within the first lovel network, and report resulis of selectionto a
second level supervisory subsystem,

In another instance, each second level supervisory subsystem from the number of first
level supervisory subsysiems is further configured to use demand/supply offers for
subnetwork not selected for energy trade within the first level network as virtual
demand/supply energy offerings for energy trade within subnetworks reporting to the second
level supervisory subsystem, perform price elearance and energy trade selection for the
subnetworks reporting to the second level supervisory subsysten, and report results of the
energy trade selection to a higher level supervisory subsysiem.

In another embodirment, the aggregation/supervision of these teachings also includes a
highest level supervisory subsystem; the highest level supervisory subsystem configured fo
use demand/supply offers for subnetwork not selected for energy trade within subnotworks
reporting to lower supervisory level subsystems, as virtual demand/supply energy offerings
for energy trade among networks, and provide bids for trade among the networks.

In one instance, the highest level supervisory subaystem is further configured o
receive an energy transaction volume request and price offer, broadcast energy transaction
request to subnetworks and subnetwork aggregators, receive bids from subnetworks and
subnetwork aggregators, rank bids for energy trade distribution aggregation, ¢btain g
distributed energy irade aggregation, and obialn, when the energy transaction volume request
and price offer can be met, a confirmation and proceed with dispatch and transaction target
control, or submit, when the energy transaction velume request some price offer can not be
met, the distributed energy trade aggregation 1o requester,

Conventional methods require use of utility operational data network (e.g. SCADA}
aleme ov in combination with utility informational data network {e.g. smart meter data}, In
either case, existing methods are dependent on operational data network. The methods and
systems of these teachings use the inteliigence avallable in the information data network, and

avoid dependence on the utility/system operator operational data network.
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in one embodiment, components of the aggregation/supervision of these teachings are
configured by inclading one or more processors that execute corputer readable code,
erabodied in computer usable media, in order to perform the actions recited hereinabove,
Figure 10 shows certain embodiments of the components of the aggregation/supervision of
these teachings. Referring to Figure 10, in the embodiment shown therein, one or more
processors 920 are operatively connected to computer usable media 930, where the computer
peable media nine said he has compuier readable code embodied therein that when executed
by the one or mote processors 920 causes the one or more processors to perform the desired
actions, An input output interface 940 is also operatively cormected to the one or more
processors, enghling the recelving of information from or transmitting of Information to
another component. The apparent connection is performed by a compuier connection
component 925 (such as a computer bus).

The following is & disclosure by way of example of a device configured to exeoute
functions (hereinafter referred to as compuiing device) which may be used with the presently
disclosed subject matter, The description of the various components of a computing device I3
not intended 1o represent any particular architecture or manner of interconnecting the
components. Other systems that have fewer or more components may also be used with the
disclosed subject matter. A communication device may constitute a form of a computing
device and may at least include a coroputing device. The computing device may include an
fnter-connect (e.g., bus and system core logie), which can interconnect snch components of a
computing device to a data processing device, such as a processor(s) or MICIOPTOCessOr{s), of
other form of partly or corapletely programmable or pre-programnied device, e.g., hard wired
and or application specific integrated cireuit ("ASIC") customized logie cirouitry, such as a
controller or microcontrolier, a digital signal processor, or any other form of device that can
fetch instractions, operate on pre-loaded/pre-programmed instructions, and/or followed
instructions found in hard-wired or customized cireuitry to carry out logic operations that,
together, perform steps of and whole processes and functionalities as described in the present
disclosure.

in this description, various functions, functionalities and/or operations may be
deseribed as being performad by or caused by software program code to simplify deseription,

However, those skilled in the art will recognize what is meant by such expressions is that the
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functions result from execution of the program code/instructions by a compuling device a3
described above, e.g., inchuding a processor, such as 8 microprocessor, microcontroller, logic
civcuit or the Hke. Alternatively, or in combination, the functions and operations can be
implemented using special purpose clreutiry, with or without software tnstructions, such as
using Application-Specific Integrated Circuit (ASIC) or Field-Programmable Gate Amay
(FPGA), which may be programmable, partly programmable or hard wired. The application
specific integrated cireuit ("ASICY) logic may be such as gate arrays or standard cells, or the
like, implementing customized logie by metallization(s} intercormects of the base gate array
ASIC architecture or selecting and providing metallization(s) inferconnects between standard
cell functional blocks included in a manufheturer's library of fanctional blocks, ele,
Embodiments can thus be implemented using hardwired circuitry without program software
codefinstractions, or in combination with circuitry using progravmmed software
code/instruciions,

Thus, the techniques are Hmited neither to any specific combination of hardware
circuitry and software, nor o any particular tangible source for the instructions executed by
the data processor{s} within the computing device. While some embodiments can be
implemented in fully functioning computers and coroputer systems, various embodiments are
capable of being distributed as a computing device including, e.g.. a variety of forms and
capable of being applied regardless of the particular type of machine or tangible computer-
readable media nsed o actually effect the performance of the functions and operations and/or
the distribution of the performance of the functions, functionalities snd/or operations.

The intercommect may connest the data processing device to define logic cireuitry
including memory. The interconnect may be internal to the data processing device, such as
coupling a microprocessor to on-board cache memory or external {to the microprocessor}
memory such as main memory, or a disk drive or external to the computing device, such as a
remote memeory, a dise farm or other mass storage device, el Commercially gvailable
micreprocessors, one or more of which could be g computing device or part of a computing
device, nclude a PA-RISC series microprocessor from Hewleti-Packard Company, an BOx8S
or Pentium serles microprocesser from Intel Corporation, 2 PowerPC microprocessor from
IBM, a Spare microprocessor from Sun Microsystems, Ing, or a 68xxx SETIEs MHCrOPToCEssor

from Motorola Corporation as exampiles,
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The infer-connect in addition {o inlerconnecting such as microprocessor(s) and
memory may also interconnect such elements to a display controlier and display device,
and/or to other peripheral devices such as fnput/output (/1) devices, e.g., through an
input/output controller(s). Typical /O devices can include a mouse, a keyboard(s), a
modem(s), a network interface(s), printers, scanners, video cameras and other devices which
are well known in the art, The inter-commect may include one or more buses connected to one
another through various bridges, conirollers and/or adapiers. In one embodiment the VO
controller includes a USB (Universal Serial Bus) adapter for controlling USH peripherals,
and/or an IREE- 1394 bus adapier for controlling IEEE- 1394 peripherals.

The memory may include any tangible computer-readable media, which may include
but are not Himtted to recordable and non-recordable type media such as volatile and non-
volatile memory devices, such as volatile RAM (Random Access Memory), typically
implemented as dynamic RAM (DRAM) which requires power continually in order to refresh
or maintain the data in the memory, and non-volgtile ROM (Read Only Memory), and other
types of non-volatile memory, such as a hard drive, flash memory, detachable memory stick,
ete, NMon-volatile memory typically may include a magnetic bard drive, a magnetic optical
drive, or an optical drive (e.g., a DVD RAM, a CD ROM, a DVD or a CD), or 'other type of
memory system which maintains data even after power i3 removed from the system,

A server could be made up of one or more computing devices. Servers can be utilized,
e.2., in a network {0 host a network database, compute necessary variables and information
from information in the database(s), stove and recover information from the database(s), track
information and variables, provide interfaces for uploading and downloading information and
variables, and/or sort or otherwise manipulate information and data from the database(s). In
one embodirnent a server can be used in conjunction with other computing devices positioned
locaily or remotely to perform certain caleulations and other functions as may be mentioned
in the present application.

At least some aspects of the disclosed subject matter can be ennbodied, at least in part,
utilizing programmed software code/instructions. That is, the functions, functionslities and/or
operations technigues may be carried out in a computing device or other data processing
system in response to its processor, such as a microprocessor, execuling sequences of

instructions contained in a memory, such as ROM, volatile RAM, non-volatile memory, cache
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or a remote storage device. In general, the rowtines executed to implement the embodiments
of the disclosed subject matter may be implemented as part of an operating system ot &
specific application, component, program, object, module or sequence of instructions usually

1

referred {0 as "computer programs,” or "software.” The computer programs typically comprise
instructions stored at various {imes in various tangible memory and storage devices in a
computing device, such as in cache memory, main memory, infernal or external disk drives,
and other remote storage devices, such as a disc farm, and when read and exscuted by a
processor(s) in the computing device, cause the computing device to perform a method(s),
e.g., process and operation steps to execute an element(s) as part of some aspeci{s) of the
methodis) of the disclosed subject matter.

A tangible machine readable medinm can be used to store software and datg that,
when executed by a computing device, causes the computing device to perform a method{s}
as may be recited in one or more accompanying claims defining the disclosed subject matter.
The tangible machine readable medium may include storage of the executable software
program code/insiructions and data in various tangible locations, including for example RUM,
volatite RAM, non-volatile memory and/or cache. Portions of this program software
code/instructions and/or daia may be stored in any one of these storage devices, Further, the
program software code/instructions can be obtained from remote storage, including, ¢.g.,
through centralized servers or peer to peer networks and the like, Different portions of the
software program code/instructions and data can be obtained gt different times and in ditferent
communication sessions or in a same communication ssssion,

The software program code/instructions and data can be obtained in thely entirety prior
to the execution of a respective software application by the computing device. Alternatively,
portions of the software program code/instructions and data can be obtained dynamically, e.g.,
just in tire, when needed for execution. Alternatively, some combination of these ways of
obiaining the software program code/instructions and data may occur, e.g., for different
applications, components, progrars, objects, modules, routines or other sequences of
instructions or organization of sequences of Instructions, by way of example. Thus, it is not
required that the dais and instructions be on a single machine readable medium in entivety at

any particnlar instance of time.
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In genersl, a tangible machine readable medium includes any tangible mechanism that
provides {L.e., stores) information in a form accessible by a machine {L.e,, a computing device,
which may be included, e.g., in a communication device, g network device, a personal digital
assistant, 3 mobile communication device, whether or not able to download and run
applications from the communication neiwork, such as the Internet, 2.g., 8n I-phone,
Blackberry, Dreid or the like, a manufacturing tool, or any other device including a
computing device, comprising one or more data processors, etg,

Although these teachings have been described with respect to varicus smbodiments, it
should be realized these leachings are also capable of a wide variety of further and other
embodiments within the spirlt and scops of the appended claims.

What is claimed is
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CLAIMS

1. A method of obtaining a power flow solution for a first level network including
distributed energy resources the msthod comprising:

{a} acquiring measurements originating from a number of sensors distributed up to an
edge of the first level network; the measurerents comprising current, voltage, active power,
reactive power and data of interconnectivity; the data not including data from utility
operational networks, the wtility operational networks inclading substations and eireuit
switches;

(b} obtaining observability metrics from the measurements;

(¢} determining whether the first level network is observable:

{d} determining, when the first level network is not ohservable, whether additional
measurements are available;

{e} aoquiring, when additional measurements are available, the additional
measurements and repeating steps (b-{d);

(T receiving, when additional measurements are not available, pseudo-measurements
based on recently acquired measurements in order to render the first level network observable;
the pseudo-measurements being defined by a first level supervisory subsystem;

{g) performing, when the first lovel network is observable, state estimation;

{h} detecting and identifying, after the state estimation, bad data;

{1} receiving a determination, resulting from the bad data, of whether a new state
estimation is reguired; determination of whether a new stale estimation is required is
performed by the first level supervisory subsystemy

(1) repeating steps {a)-(iy when the new siate estimation is reguired; and

(k) determining, when the new state estimation is not required, distributed power flow

{or the first level network.

2. A method for aggregation of a netwaork, the network comprising s nuraber of first level
networks, each first level network including distributed energy resources, the method

comprising:
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receiving, at each of a number of first level supervisory subsystems, disiribuied power
flow for a first level network, the distributed power flow obtained by the method of claim 1

determining, at said sach of the number of first level supervisory subsysiems, a price
clearance for the first level network;

determining, at said each of the number of first level supervisory subsystems, whether
to recaloulate distributed power flow for the first level network;

determining, at said each of the number of first level supervisory subsystems, whether
to reinitiate a power flow solution for the first lovel network; and

determining, at said each of the number of first level supervisory subsystems, whether

to request dispatch of the first level network,

3. The method of claim 2 further comprising:

receiving, at one of a number of second level supervisory subsystems, the disiributed
power flow for the frst level network from at least two of the nomber of first level
supervisory subsystems;

determining, from the distributed power How for gt least two first level networks, at
said one of the number of second level supervisory subsystems, power flow parameters at a
node corresponding to sald one of the number of second level supervisory subsystems;

deciding, at said one of the number of second level supervisory subsystems, whether
to veinttiate disiributed power flow calculations, decision of whether to reinifiate distributed

power flow calculation based on whether errors exceed g predetermined tolerance.

4, The method of claim 3 further comprising:

providing, to a junction point supervisory subsystem, distributed power How
information from two lower level supervisory subsystems; each lower-level supervisory
subsystem being one of an intermediate level supervisory subsystem or a second level
supervisory subsystem; a junction point being a network logic point:

performing, at the junction point supervisory subsystem, state estimation in order {o
reduce errovs; and

analyzing, at the junction point supervisory subsystem, gnid edge measurements; the

grid edge measurements comprising voltage fluctuations on both sides of switch nodes,

31



10

15

s

N2
LA

WO 2017/065941 PCT/US2016/052582

5. The method of claim 2 wherein determining the price clearsnce comprises using
utility/public distribution system energy sellfbuy price offerings for each subnetworks within

the first level network and sell/buy price offerings for each subnetwork.

6. The method of claim 3 further comprising:
selecting demand/supply offers for some subnetworks for energy trade within the first
fevel network; and

reporting results of selection to a second level supervisory subsysten.

-

The method of claim 6 further comprising:
using demand/supply offers for subnetwork not selected for energy trade within the
first lovel network as virtual demand/supply energy offerings for energy irade within
subnetworks reporting to the second level supervisory subsystem;

performing price clearance and energy trade selection for the subnetworks reporting to
the second level supervisory subsystem; and

reporting resulis of the energy trade selection to a higher level supervisory subsystem.

g. The method of claim 7 wherein the resulis are reporied to g highest level supervisory
subsysten.
S, The method of claim ¥ further comprising:

using demand/supply offers for subnetwork not selected for energy trade within
subnetworks reporting to lower supervisory level subsystems, as virtual, demand/supply
energy offerings for energy trade among networks; and

providing bids for trade among the vetworks.

16, The method of claim 9 further comprising:

receiving, at the highest level supervisory subsystem, an energy transaction volume
request and price offer;

broadeasting, at the highest level supervisory subsystern, energy frausaction request to

subnetworks and subnetwork aggregators;

sl
b
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receiving, at the highest level supervisory subsystem, bids from subnetworks and
subnetwork aggregators;

ranking, at the highest level supervisory subsystem, bids for epergy trade distribution
aggregation;

obtaining, at the highest level supervisory subsystem, a distributed energy trade
aggregation;

obtaining, at the highest level supervisory subsystem, when the energy transaction
volume reguest and price offer can be met, a confirmation and proceeding with dispatch and
transaction target control; and

submiiting, at the highest level supervisory subsystem, when the energy transaction
volume request some price offer can not be met, the distributed energy trade aggregation to

reguester,

i1 An aggregation/supervision system comprising:
a number of first level supervisory subsystems; cach frst level supervisory subsystem
from the number of first fevel supervisory subsystems configured to:

{8} acquire measurements from g mumber of sensors distributed up to an edge
of a first level network; the measurements comprising current, voltage, active power,
reactive power and data of interconnectivity; the data not including data from utility
operational networks, the uiility operstional networks including substations and cirouit
switches;

{b) obtain observability metrics from the measurements;

{c) determine whether the first level network is observable;

(d) determine, when the first level network is not observable, whether
additional measurements are available;

{e) acquire, when the additional measurements are available, the additional
measurements and repeating steps (b-(dy;

(5) provide, when the additional measurements are not available, pseudo-
measurements based on recently acquived measuremends in order to render the first
level network observable;

{(g) perform, when the first lovel network ts observable, state estimation;
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{h} detect and identify, after the state estimation, bad data;
(1) provide a determination, resulting from the bad data, of whether a new state
estimation is required;

{1} repeat steps (a)-(i} when the new state estimation is required;

H

.
S

{k} determine, when the vow state estimation is not required, distributed power
flow for the first level network;

recetve distributed power flow the first leovel network,

determiine a price clearance for the first level network: wherein determining the
price clearance comprises using utility/public distribution system energy sell/buy price
10 offorings for each subnetworks within the first level network and seli/buy price
offerings for each subnetwork;

determine whether to recaleunlate distributed power flow for the first lovel
network;

determine whether to reinitiale a power flow solution for the first level

13 network; and
determine whether 1o request dispaich of the first level network;
a number of second level supervisory subsystems; each second level supervisory
subsystem from the number of second level supervisory subsystems configured to:
receive the distributed power fow for the first lovel network from at least two
20 of the number of first level supervisory subsystems;
determine frow the distributed power flow for at least two first level networks
power flow parameters at a node corresponding o said each second level supervisory
subsystems;
decide to reinttiate distributed power flow calculations, decision of whether {o
25 reinitiate distributed power flow calculstion based on whether errors exceed a
predetermined tolerance; and
report results of the distributed power flow to a higher level supervisory
subsystem,
30
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12, The aggregation/supervision sysiem of olaim 11 further comprising:
a junclion point supervisory subsystem; a junction point being a network Iogic point;
the junction point supervisery subsystem configured to

receive distributed power How information from two lower level supervisory

(o4

subsystems; cach lower-level supervisory subsystem being one of an intermediate
level supervisory subsystem or a second level supervisory subsystem;

perform state estimation in order to reduce ervors; and

analyze grid edge measurements; the grid edge measuremenis comprising
voltage fluctuations on both sides of swiich nodes.
10
13, The aggregation/supervision sysiem of elaim 12 wherein said cach first level
supervisory subsystem from the number of first level supsrvisory subsystems is further
configured to:

select demand/supply offers for some subnetworks for epergy frade within the first

o
£

fevel network; and

reporting results of selection to a second level supervisory subsystem,

14, The aggregation/supervision system of claim 13 wherein said each second igvel
supervisory subsystern from the number of first level supervisory subsystems is further
20 configured to:
use demand/supply offors for subnetwork not selected for energy trade within the first
fevel network as virtual demand/supply energy offerings for energy trade within subnetworks
reporting to the second level supervisory subsystem;
perform price clearance and energy irade selection for the subnetworks reporting to
25 the second level supervisory subsysiem; and

report results of the ensrgy trade selection to a8 higher level supervisory subsyatem,

15, The aggregation/supervision system of claim 14 further comprising:
2 highest level supervisory subsystem; the highest level supervisory subsystem

33 contfigured to:
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use demand/supply offers for subnetwork not selected for energy trade within
subnetworks reporting to lowsr supervisory level subsystems, as virtual
demand/supply energy offerings for energy trade among networks; and

provide bids for trade among the networks.

14, The aggregation/supervision system of claim 13 wherein the highest level supervisory
subsystem s Ruther configured o

rOCEIVe an energy transaction volume request and price offer;

broadeast energy transaction request to subnetworks and subnetwork aggregators;

receive bids from subnetworks and subnetwork aggregators;

rank bids for energy trade distribution aggregation;

obtain a distributed energy irade aggregation;

obain, when the energy transaction volume request and price offer can be met, 2
condirmuation and proceeding with dispatch and transaction target control; and

submit, when the energy transaction volume request some price offer can not be met,

the distributed energy trade aggregation to roguester,
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