US 20190190264A1

a9y United States

a2y Patent Application Publication (o) Pub. No.: US 2019/0190264 A1l

Inam et al.

43) Pub. Date: Jun. 20, 2019

(54)

(71)

(72)

@

(22)

(63)

(60)

DYNAMIC AND INTEGRATED CONTROL
OF TOTAL POWER SYSTEM USING
DISTRIBUTED IMPEDANCE INJECTION
MODULES AND ACTUATOR DEVICES
WITHIN AND AT THE EDGE OF THE
POWER GRID

Applicant: Smart Wires Inc., Union City, CA
(US)

Haroon Inam, San Jose, CA (US);
Frank Kreikebaum, Oakland, CA
(US); Debrup Das, Union City, CA
(US); Amrit Iyer, Oakland, CA (US);
Aaron Zhao, Fremont, CA (US)

Inventors:

Appl. No.: 16/282,172

Filed: Feb. 21, 2019

Related U.S. Application Data

Continuation of application No. 15/428,906, filed on
Feb. 9, 2017, now Pat. No. 10,218,175, which is a
continuation-in-part of application No. 15/068,397,
filed on Mar. 11, 2016, now Pat. No. 10,097,037.

Provisional application No. 62/353,479, filed on Jun.
22, 2016, provisional application No. 62/294,230,
filed on Feb. 11, 2016.

302—"

Generation Capacity

Distributed
Generation Capacity

Load

Publication Classification

(51) Int. CL
HO02J 3/06 (2006.01)
GO5B 15/02 (2006.01)
HO02J 13/00 (2006.01)
HO02J 3/24 (2006.01)
(52) US.CL
CPC oo HO02J 3/06 (2013.01); GOSB 15/02
(2013.01); H02J 13/0079 (2013.01); H02J
2003/001 (2013.01); HO2J 3/24 (2013.01);
YO2E 40/30 (2013.01); YO2P 80/14 (2015.11);
HO02J 13/0006 (2013.01)
(57) ABSTRACT

A system architecture and method for enabling hierarchical
intelligent control with appropriate-speed communication
and coordination of control using intelligent distributed
impedance/voltage injection modules, local intelligence
centers, other actuator devices and miscellaneous FACTS
coupled actuator devices is disclosed. Information transfer
to a supervisory utility control is enabled for responding to
integral power system disturbances, system modelling and
optimization. By extending the control and communication
capability to the edge of the HV power grid, control of the
distribution network through FACTS based Demand
response units is also enabled. Hence an integrated and
hierarchical total power system control is established with
distributed impedance/voltage injection modules, local
intelligence centers, connected other actuator devices, mis-
cellaneous FACTS coupled devices and utility supervisory
all networked at appropriate speeds allowing optimization of
the total power system from generation to distribution.
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DYNAMIC AND INTEGRATED CONTROL
OF TOTAL POWER SYSTEM USING
DISTRIBUTED IMPEDANCE INJECTION
MODULES AND ACTUATOR DEVICES
WITHIN AND AT THE EDGE OF THE
POWER GRID

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application is a continuation of U.S. patent
application Ser. No. 15/428,906 filed Feb. 9, 2017, which is
a continuation-in-part of U.S. patent application Ser. No.
15/068,397 filed Mar. 11, 2016, which claims the benefit of
U.S. Provisional Patent Application No. 62/294,230 filed
Feb. 11, 2016, and this application also claims the benefit of
U.S. Provisional Patent Application No. 62/353,479 filed
Jun. 22, 2016.

BACKGROUND OF THE INVENTION

1. Field of the Invention

[0002] The present invention relates to systems for dis-
tributed control, from generation to distribution with the
supervision of the total power system by using a plurality of
inter-linked actuators that include self-aware distributed
impedance/voltage injection modules, energy storage
devices, and other FACTS devices each having a high-speed
(sub-cyclic) inter-communication capability and local con-
trol capability.

2. Prior Art

[0003] Most power utilities use energy management sys-
tem (EMS) and supervisory control and data acquisition
(SCADA) control systems to control HV power grid. These
control systems connect and communicate between the
power flow control units at the substations that are used to
limit current flows or load imbalances over the HV power
grid lines and provide interactive control of the power
transmission on the HV power grid. Distributed and local-
ized control of power flow, over the high voltage transmis-
sion lines using self-aware (with built-in capability to rec-
ognize problems/intelligence) distributed impedance (or
equivalent voltage) injection modules (DIIMs) 102, has
been proposed and is being implemented by the inventors of
the current application as shown in FIG. 1 and FIG. 2. These
DIIMs 102 are able to recognize changes in line current on
the high-voltage lines, to which these are attached, and inject
an appropriate inductive or capacitive impedance (alter-
nately inject an equivalent voltage component) on to the line
to locally balance the lines for power transfer.

[0004] Referring to FIG. 1 these self-aware (with built-in
capability to recognize problems/intelligence) distributed
impedance injection modules (DIIMs) 102 are distributed on
segments of the high voltage (HV) transmission line 108,
supported by, but insulated from, the towers 110, between
the generation station 104 and the distribution points 106.
These DIIMs 102 provide the capability of localized control
of line current and line balancing for the local HV trans-
mission line segment to which these are attached.

[0005] FIG. 2 provides a more detailed block diagram 200
of distributed control of the HV power grid by the DIIMs
102 injecting an impedance or equivalent voltage on the
segments of the high voltage power transmission line 108 on
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which these are suspended. The HV power transmission
lines are themselves supported by towers 201. The substa-
tions 204 with generation capability 203 and loads 205 are
also shown. The overall control of the transfer of power
between the generators and loads is monitored and con-
trolled by a utility supervisory 206 that communicates with
the substations via normal communication channels 207 for
monitoring and control.

[0006] FIG. 2A is a block diagram 200A of the prior art
implementation of controlling of the HV power grid using
static synchronous series compensators (SSSCs) at the sub-
stations 204 that send information to the utility 206 and
receive control instructions from the utility 206. The data
and control are transferred over normal wired or wireless
communication links 207 from SSSCs at the substations 204
to and from the utility 206. The generation capacity 203 and
the distribution points 205 are connected to the HV power
grid through the substations 204. The substations 204 are
themselves enabled for power transfer over the high voltage
(HV) transmission lines 108 suspended from the transmis-
sion towers 201.

[0007] FIG. 2B shows a block diagram 200B for prior art
(U.S. Pat. No. 8,401,709) local control of the HV power grid
using existing resources proposed by the identified prior art
Cherian applications and patents. These implementations are
for unified power system control from the main generation
203 and distributed generators 213-1 and 213-2 (wind, solar,
etc.) to distribution loads 205-1 to 205-3 connected by local
power distribution lines 109, by local control modules 215-1
and 215-2. The control of the power system is proposed by
controlling the existing assets at the substations 204-1 and
204-2 by using regional control modules 225 at the substa-
tions 204-1 and 204-2, using centralized computer programs
at the enterprise control module 206, with generation and
distribution connections to the HV power grid system. Such
a system has been proposed by the Cherian applications,
where data visualization programs 280 with smart grid
control programs 285 use system modeling and simulation
capability 290 at the enterprise 206. The proposed power
system of control uses existing wireless area network
(WAN) connections 230 to communicate with the various
substations and for communication between the substations
204-1 and 204-2 and the enterprise control.

[0008] In order to improve the performance of the existing
HV power grid flexible alternating current transmission
system (FACTS) devices are being employed within, at the
edge and outside the edge of the HV power grid. These
FACTS devices are typically high-voltage compatible sub-
systems that are coupled directly to the HV power grid even
though in certain circumstances the physical connection may
be at the MV (medium-voltage) level. The devices and
systems include the static synchronous series compensators
(SSSC)], static synchronous compensators (STATCOMs),
unified power-flow controllers (UPFCs), interline power-
flow controllers (IPFCs) and other electronic systems for
monitoring and control, typically connected at the sub-
stations and in communication with the utility over normal
communication channels to send data and receive control
instructions. All these prior art implementations aid in
maintaining and enhancing grid resiliency and power system
stability through local VARs support and power-flow control
of the prior art HV power grid.

[0009] The recent advances in distributed non-conven-
tional generation, such as wind and solar energy systems,
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due to their respective uncertain natures, coupled with the
cyclic nature of consumer demand for power, have made the
optimization of power flow over the HV power grid from
generation to distribution difficult. These random inputs and
outputs to and outputs from the HV power grid have also
made the HV Power grid more prone to disturbances, that
result from sudden changes in supply or load that can disrupt
the operation of the HV Power grid. These disturbances
include small signal instability, power oscillations and sub-
synchronous resonance among others. If left uncorrected
these can grow and affect the overall operational stability of
the HV power grid and the total power system. Hence the
new HV power grid and the total power system require
different and faster capabilities for line balancing and for
overcoming disturbances introduced by the distributed
nature of power generation and load changes. It is essential
to improve the response capability of the HV power grid
control in order to take care of the changed nature of the HV
power grid and the total power system and its characteristics.
[0010] The problems to be addressed in this regard include
balancing of lines when new distributed generation systems
or loads come online and respond to disturbances. Due to the
new nature of the HV power grid, such as responding to
small signal stability issues, power oscillations damping
(POD) and sub-synchronous resonance (SSR) damping on
the HV power grid requires response at faster speeds to
overcome more of these problems. The implementation of
distributed energy storage capabilities that are coupled to the
HYV power grid will also have to be brought in and integrated
to help in improving the stability of the HV power grid and
the total power system as it is made more responsive to
power changes on the HV power grid. Thus, it will be useful
if the capability is established whereby responses to changes
or disturbances on the HV power grid can be addressed
locally, at appropriate speeds, in a hierarchical and inte-
grated fashion and resolved using all the available capabili-
ties and resources that exist, working in coordination. It will
be of even further advantage if the total power system from
generation to distribution can be brought together under an
integrated and dynamic communication and control capa-
bility to enhance the stability and response to disturbances of
the total power system.

BRIEF DESCRIPTION OF THE DRAWINGS

[0011] The drawings are made to point out and distinguish
the invention from the prior art. The objects, features, and
advantages of the invention are detailed in the description
taken together with the drawings.

[0012] FIG. 1 is an exemplary block diagram of the prior
art distributed control modules attached directly to the HV
transmission lines (prior art).

[0013] FIG. 2 is an exemplary block diagram of distrib-
uted control of a power grid system with centralized super-
vision by a utility (prior art).

[0014] FIG. 2A is a block schematic of a non-distributed
control system based in substations with Static Synchronous
Series Compensators (SSSCs) for power grid control (prior
art).

[0015] FIG. 2B is a block schematic of a grid control
system using existing resources at the substations (prior art).
[0016] FIG. 3 is an exemplary schematic diagram of the
distributed intelligent control system for power transfer and
line balancing of the HV power grid with local intelligence
centers (LINCs) for intercommunication and control of
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high-speed communication capability enabled self-aware
distributed impedance injection modules (CDIIMs).

[0017] FIG. 4 is a block representation of the distributed
actuator module or the self-aware distributed impedance
injection modules (CDIIMs) 102 used with intelligent local
control capability and high-speed communication capability
as per the invention.

[0018] FIG. 5 is a block representation of the other actua-
tor devices that are FACTS control devices, or electronic
devices enabled to be coupled to the HV power grid with
FACTS-based high-speed control capability and high-speed
communication capability for monitoring and control of the
HV power grid.

[0019] FIG. 6 is a block diagram representation of distrib-
uted power generation coupled to the HV power grid with
FACTS-based control capability and high-speed communi-
cation capability.

[0020] FIG. 7 is a block diagram representation of distrib-
uted loads with demand response (DR) unit coupled to the
HV power grid using FACTS-based control capability and
high-speed communication capability.

[0021] FIG. 8 is a block representation of the energy
storage devices enabled to be coupled, typically within or at
the edge of the power grid with FACTS-based control
capability and high-speed communication capability.
[0022] FIG. 9 is an exemplary block diagram of the total
power system from generation to distribution with distrib-
uted local sub-cyclic response capability and hierarchical
monitoring and supervision capabilities as per an embodi-
ment of the current invention.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

[0023] The following terms and acronyms are defined
specifically to enhance the clarity of the current disclosure
only.

[0024] 1. High voltage (HV) power grid—is the HV
power transmission system that transports power at
high voltage from the power generators to the sub-
stations or other distributed loads.

[0025] 2. Total power system—This term includes
therein power-generation capability, HV power grid,
substations, power distribution capability, any and all
power stabilization and control capability associated
with the power generation, HV power grid and power
distribution, including any energy-storage capabilities.

[0026] 3. DIIMs—Self-aware (with built-in capability
to recognize problems/intelligence) Distributed Imped-
ance Injection Modules that are attached to the HV
power grid to control the power flow on the HV
transmission lines.

[0027] 4. Distributed impedance injection modules—In
this disclosure the term refers to high-speed commu-
nication capability enabled DIIMs. May also be
referred to in the specification as CDIIMs, or individu-
ally as an injection module.

[0028] 5. CDIIMs—alternate name for distributed
impedance injection modules that are high-speed com-
munication capability enabled DIIMs.

[0029] 6. LINCs—the acronym in this disclosure refers
to local intelligence centers connected to a plurality of
local CDIIMs for enabling high-speed communication
and coordinated local supervisory control.
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[0030] 7. High-speed communication capability—in
this disclosure refers to communication speeds that
enable the system components such as LINCs and
self-aware distributed impedance injection modules
(CDIIMs) to communicate with each other to respond
to local problems at sub-cyclic speeds. (See for
example FIG. 6 in parent application Ser. No. 15/068,
397, entitled “System and Method for Distributed Grid
Control with Sub-Cyclic Local Response Capability”
filed on Mar. 11, 2016.)

[0031] 8. Other actuator devices—In this disclosure
other actuator modules refer to the flexible AC trans-
mission systems (FACTS) devices connected to the HV
power grid enabled with high-speed (sub-cyclic) com-
munication capability and FACTS-based control capa-
bility—also referred to as FACTS control devices.
Includes any and all of: static synchronous series
compensators (SSSC), static synchronous compensa-
tors (STATCOMs), unified power-flow controllers (UP-
FCs), interline power-flow controllers (IPFCs) and
other electronic systems for monitoring and control of
the power flow over the HV power grid.

[0032] 9. FACTS control devices—Alternate name for
other actuator devices.

[0033] 10. Distributed generators—in this application
this refers to the distributed generation capability (other
than the large conventional generation stations) that
could be inside, at, or outside the edge of the HV power
grid but are coupled to the HV power grid with FACTS-
based control capability and enabled with high speed
communication capability. These include: wind energy
farms, Solar energy farms, bioenergy units, wave
energy units, etc. that are typically non-conventional
producers of energy. This also includes all conventional
distributed generation sources but not traditional large
generation capabilities such as pre-existing thermal
power plants, atomic power plants, hydroelectric plants
etc. that are controlled directly by the Supervisory
Utility.

[0034] 11. Energy storage devices—in this application
distributed energy storage capability typically inside,
at, or outside, the edge of the HV power grid but
coupled to the HV power grid with or without FACTS-
based control and enabled with high speed communi-
cation.

[0035] 12. Distributed load demand response—in this
application distributed load demand response units
mean power distribution systems that are inside, at, or
outside the edge of the HV power grid but are coupled
to the HV power grid with or without FACTS-based
control and enabled with high speed communication.

[0036] 13. Miscellaneous FACTS-coupled actuator
devices—refer to the group of systems and subsystems
typically inside, at, or outside the edge of the HV power
grid, that are described above, but are coupled to the
HV power grid with FACTS-based control capability
and high speed communication capability. These
include distributed generators, distributed energy stor-
age devices, and distributed load demand response
(DR) devices.

[0037] 14. Actuator devices—as used in this disclosure
refers to all the group of electronic control devices
within the edge, at the edge or outside the edge of the
HV power grid that are enabled with FACTS-based
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control capability and high-speed communication capa-
bility and are coupled or connected to the HV power
grid. The group comprise all or any of the other actuator
devices and the miscellaneous FACTS-coupled actua-
tor devices.

[0038] 15. Edge of HV power grid—as used in the
current disclosure is a term describing the boundary of
the HV power grid, with some temporal and/or spatial
functionality outside the direct control of utilities and
distribution operators.

[0039] 16. Supervisory utility or utility—In this disclo-
sure supervisory utility refers to the supervisory entity
enabled for central monitoring, modelling and control
of the total power system having communication links
to the LINCs for data collection and providing system
control.

[0040] The invention disclosed is generally directed at
integrating and using the capabilities of the distributed
impedance injection modules, the other actuator modules
and the miscellaneous FACTS-coupled actuator devices for
providing very high reliability, standardized active control
capability that is FACTS-based, to the total power system.
The total power system is typically comprised of conven-
tional and distributed generation units, HV power transmis-
sion grid, power/energy storage units, FACTS and non-
FACTS control devices inside, at, or outside, the edge of the
HV power grid and distributed load demand response units
coupling the power distribution systems to the HV power
grid. The integrated and hierarchical control capability pro-
posed by the present invention disclosure using distributed
impedance injection modules, other actuator modules and
miscellaneous FACTS-coupled actuator devices, is a general
concept and can be applied with any distributed impedance
injection modules, other actuator devices and the miscella-
neous FACTS controlled actuator devices inter-linked in a
hierarchical fashion using LINCs for transfer of data using
the appropriate speed communication capability. The control
hierarchy using the CDIIMs, LINCs and Supervisory utility
for providing total power system control. These generic
concepts are now disclosed using specific implementation
details for clarity.

[0041] The details of the invention disclosed are directed
at using distributed impedance injection modules such as
CDIIMs with local high-speed (speeds that enable sub-
cyclic response) communication and control capabilities
provided by the local intelligence centers (LINCs), in high-
speed communication with other actuator devices and mis-
cellaneous FACTS-coupled actuator devices at and outside
the HV power transmission grid edge. Such an integrated
local communication and control is able to provide very high
reliability, integrated and hierarchically managed, and stan-
dardized active control capability to the total power system.
The total power system, as described previously, is com-
prised of distributed generation units, HV power transmis-
sion grid, energy storage units, other actuator devices and
power distribution systems. The integrated control capabil-
ity disclosed by the present invention using distributed
impedance injection modules, other actuator devices and
miscellaneous FACTS-coupled actuator devices are general
concepts that are not meant to be limiting or be applicable
using only a specific set of distributed impedance injection
modules and other actuator devices. The invention can be
implemented fully or partially using any appropriate distrib-
uted impedance injection modules, other actuator devices
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and miscellaneous FACTS-coupled actuator devices, that
are within, at the edge, and outside the edge of the HV power
grid as long as these have the capability for providing
control and stability to the total power system including
generation, transmission and distribution systems. In effect
such proposed integrated control capability can be used
effectively for transmission systems and distribution sys-
tems that include all micro-grid concepts and implementa-
tions.

[0042] FIG. 3 is the block diagram 300 of the co-pending
patent application (U.S. application Ser. No. 15/068,397 for
“System and Method for Distributed Grid Control with
Sub-Cyclic Local Response Capability” filed on Mar. 11,
2016, that is the parent of the current application which is
included herein in its entirety by reference.) FIG. 3 shows
the distributed and hierarchical intelligent control system for
the HV power grid. Sub-cyclic control has been identified as
an essential need to have a stable and dynamic HV power
grid and total power system. The HV power grid and the
total power system should be able to handle issues of
stability, intermittency, and transients that are inherent in the
new distributed or localized renewable power generation
and distributed loads that are being coupled to the HV power
grid. For the HV power grid and the total power system to
be stable under these conditions, it is necessary for the
response to disturbances on the grid to be within millisec-
onds (sub-cyclic) to prevent them from growing into major
power delivery and quality issues, even brownouts.

[0043] Centralized control of the grid using high-level
algorithms and modeling used for HV power grid control, in
the past and currently, is not efficient in achieving the needed
response under the above-described conditions due to the
time delays inherently associated with the detection, com-
munication, centralized decision making with associated
latencies, and action. The solution to this problem is the
distributed control based on the local distributed control
modules, such as the intelligent and self-aware distributed
impedance (or equivalent voltage) injection modules
attached to the HV transmission lines 108 suspended from
the towers 201, such as the CDIIMs 301 coupled to the high
voltage (HV) power lines 108. These CDIIM 301 or dis-
tributed impedance injection modules are made self-aware
and have sufficient intelligence, computing capability, com-
munication capability and control capability to respond
locally to any sensed disturbance in a sub-cyclic timeframe.
To further improve the operational efficiencies of the HV
power grid and provide fast response capability to overcome
any disturbances recognized by the CDIIMs 301 locally, fast
communication capability 303 has been established between
the neighboring CDIIMs 301 and also the CDIIMs 301 and
a local supervisory entity, the localized intelligence centers
(LINCs) 302. Each LINC 302 provides communication and
coordination of the operation of a plurality of CDIIM 301
covering a local area and also provides for high-speed
communication 303 to other LINCs 302 when coordination
and fast response is needed for disturbances that have the
possibility of spreading to neighboring LINCs 302 con-
trolled segments of the HV power grid. Communication 305
is also established from the LINCs 302 to and from the
utility supervisory 206 using normal communication chan-
nels. Such communication 207 is also established to and
from the substations 204 to the utility supervisory 206.
These normal speed communication channels are used for
monitoring, and supervisory control of the power grid, and
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the collection of data on power grid operations for simula-
tion and optimization of the HV power grid operations. In
FIG. 3 the generators 203 and loads 205 are shown con-
nected to the sub-stations 204 which is no longer the case in
the distributed generation power system that is currently
evolving.

[0044] The aim of the disclosed invention is to expand the
operation of the distributed impedance injection modules
CDIIMs, LINCs to optimize the operation of the total power
system by providing standardized high-speed local control
capability and high-speed local communication (sub-cyclic
speeds) capability to the components and subsystems in the
local segments of the HV transmission grid and the total
power system. Currently a number of FACTS-based moni-
toring and control capabilities and FACTS-coupled subsys-
tems that influence the operation of the total power system
from generation to distribution are being implemented
within, at the edge and outside the edge of the total power
system. It is the aim of the current invention to integrate the
capabilities of all these subsystems locally with the CDIIMs
and LINCs to provide a standardized local control capability.
This standardized local control capability is established by
inter-connected distributed impedance (or equivalent volt-
age) injection modules, LINCs, other actuator devices and
miscellaneous FACTS-coupled actuator devices. All of these
are enabled with high-speed communication capability and
FACTS-based control capability to allow these components
and subsystems of the total power system to react to distur-
bances and changes in power inputs and outputs to the total
power system in a sub-cyclic manner at the local level. The
distributed impedance injection modules CDIIMs are still
used to recognize the disturbances and problems of the HV
power grid at the local level and, through the connected
LINCs, are able to coordinate with the other actuator devices
and miscellaneous FACTS-coupled actuator devices locally
to provide optimum responses to the disturbances and prob-
lems identified. This helps to prevent the buildup of prob-
lems in the HV power grid and the associated subsystems,
comprising the total power system. The invention uses the
built-in high-speed FACTS-based control capability and
high-speed communication capability of the CDIIMs, cur-
rently used for fast recognition and correction of localized
power flow imbalances or other instabilities or alternate
conditions to also recognize any disturbances of the local
connected sections of the HV power grid. The invention
standardizes this type of control capability and communi-
cation capability and extends it to the coupled controllable
devices that are the other actuator devices and the miscel-
laneous FACTS-coupled actuator devices, inside, at the edge
and outside the edge of the high-voltage power grid to
achieve an integrated and coordinated power flow control
and disturbance recovery capability for the total power
system. To reduce the cost and provide additional flexibility
for use with existing DIIMs, a plug-in version of the
standardized high-speed communication module is also
implemented, that convert the currently used self-aware
intelligent distributed impedance (or equivalent voltage)
injectors DIIMs 102 to distributed impedance injection
modules CDIIMs 301. By providing the added high-speed
communication capability to the DIIMs 102, converting
them to distributed impedance injection modules CDIIMs
301 connected to the LINCs 302, the CDIIMs 301 and
LINCs 302 are able to coordinate the actions of these CDIIM
and other actuator devices and the miscellaneous FACTS-
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coupled actuator devices to respond in a coordinated fashion
at the local level and also on a total power system level to
the needs of the total power system, increasing system
stability and security. By using all these interconnected
actuators over the total power system, including the CDI-
IMs, and other actuator devices and connected miscella-
neous FACTS-coupled actuator devices such as distributed
generation systems, energy storage systems, distributed load
demand response (DR) devices with FACTS-based control
etc. inside and outside the edge of the HV power grid, a
smooth and optimum control for transfer of power from the
generation to distribution is achieved.

[0045] The changing nature of the new distributed gen-
eration sources, mainly from renewable resources, create the
problem of uncontrollable power fluctuations on the total
power system. Since this is the nature of all renewable
energy resources, it is essential that the total power system
is able to take care of the power fluctuations caused. That
together with reduced inertia and reduced damping of these
new generation sources, compared to the traditionally large
conventional generation sources, is the reason why a dis-
tributed and agile solution that is different is required for
control of the total power system. The control capability
provided typically by the distributed impedance injection
modules in coordination with other actuator devices and
miscellaneous FACTS-coupled devices, (including the dis-
tributed generation sources and energy storage devices
coupled to the HV power grid) that are interlinked through
these CDIIMs and LINCs, using the high-speed communi-
cation capability, for information transfer and coordinated
control, provide the ability to mitigate the impact of the
variations and fluctuations on the transmission grid and the
total power system. The only way to overcome the variations
and fluctuations on the total power system efficiently is to
provide for local control of multiple points of the total power
system concurrently, using the FACTS-based control and
high-speed communication capabilities, built into the com-
ponents and sub-systems of the total power system as per the
present disclosed invention.

[0046] In the disclosed embodiment of the invention the
distributed impedance (or equivalent voltage) injection
modules that have intelligence and self-awareness built in
are able to update the reference settings for itself and other
actuator devices and miscellaneous FACTS-coupled
devices, locally connected to it through the LINCs. This
capability to dynamically adjust these settings as the local
power system operating conditions change, especially due to
the distributed nature of the renewable energy sources and
loads, while the total power system is in operation, has not
been attempted or thought of in the past. This is a key
distinguishing feature of the current disclosed invention.
This feature is applicable to both transmission as well as
distribution systems that have the disclosed features.

[0047] Another important feature of the total power sys-
tem control proposed is the integration of distributed energy
storage devices, that are inside or outside the grid edge, into
the total power system enabling control in a distributed and
hierarchical fashion as a part of the integrated and standard-
ized control of the, systems and subsystems of the total
power system as an embodiment of the invention. A cause of
instability of the HV power grid, especially under distur-
bances and fault conditions is the sudden changes in the
phase angle during power injection or load changes by the
distributed generation and distributed loading. By having the
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fast response capability to store any additional power and
supply any additional load, from distributed locally con-
trolled Energy storage devices, the propensity for instabili-
ties and oscillations of the grid can be reduced or eliminated.
This capability is further improved by the local control of the
distribution provided by the Distributed Load demand
response unit with FACTS-based control as per an embodi-
ment of the invention.

[0048] The main components of the system to achieve the
above include:

[0049] 1. The first is to have distributed impedance (or
equivalent voltage) injection modules attached to the
power lines that are intelligent, self-aware, and can
react independently to disturbances on the localized
portions of the power grid. The CDIIM developed by
the inventors and assigned to the inventors’ parent
organization meets the above requirement for distrib-
uted power grid control.

[0050] 2. The second need is to have the miscellaneous
FACTS-coupled actuator devices within the power
grid, at the edge of the power grid, and outside the the
power grid, such as distributed generators, (wind farm,
solar farm etc.), energy storage devices (pumped stor-
age, battery storage, flywheel storage, superconducting
storage etc.), and other actuator devices, (such as
devices providing Demand Response (DR) capabilities,
and combinations of power system components with
power electronic components that enable monitoring
etc. in generation and distribution) all connected to the
to the total power system using FACTS-based control,
and enabled with standardized high-speed communica-
tion and control capability, such that they are enabled
to communicate and interact with the supervising con-

trollers designated localized intelligence centers
(LINCs).
[0051] 3. The third need is to establish high-speed

interconnect and communication capability between
the distributed impedance injection modules or CDIIM,
and LINCs and the other connected actuator devices
and miscellaneous FACTS-coupled actuator devices
that comprise the distributed generators and storage
devices, and other FACTS control devices coupled to
the HV power grid, at and outside the HV power grid
edge, with local supervising controllers, designated
LINCs within the HV power grid and at the edge of the
HYV power grid. This enables coordinated action of the
distributed impedance injection modules and all the
other connected actuator devices in the total power
system, to overcome and/or limit the disturbances
within the local control area and the total power system
via control capability established in a hierarchical man-
ner. The communication capability enables heirarchical
control, which is distributed control of the HV power
grid segments by the CDIIM 301, providing local
control of all connected and coupled devices and sys-
tems in the local area by the LINCs 302, to the total
power system control by utility supervisory 206 in that
order.

[0052] 4. The established communication capability via
reasonably fast and secure communication links inter-
connecting the local supervisory modules and commu-
nicating with the utility central supervisory control
form the enabler for data compilation for simulations
and for major remedial action in case of problems that
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cannot be resolved by the distributed impedance injec-

tion modules and the interconnected LINCs supervi-

sory at the local level within the total power system.
[0053] FIG. 4 shows a distributed impedance (or equiva-
lent voltage) injection module (CDIIM 301) comprising a
distributed impedance (or equivalent voltage) injection
module 102 with an intelligent control capability 402 and
high-speed communication capability 410, typically a high-
speed transceiver, with connectivity through high speed link
303 to provide the sub-cyclic local response capability.
[0054] FIG. 5 is an exemplary block diagram of a FACTS
monitoring and control module 500 that form other actuator
devices that provide the capability for the FACTS electronic
devices 501 connected to the total power system for con-
trolling and analyzing its operation using the FACTS-based
control capability 502 with high-speed communication
capability 410, enabled through high speed link 303.
[0055] FIG. 6 is a block diagram 600 showing the modi-
fication of the distributed generation capability 601, such as
wind generation facility, solar generation facility, biogas
generation facility, or other distributed power generation
facility or facilities, coupled to the total power system using
FACTS-based control capability 602. This enable FACTS-
based control 602 of power generation and input into the HV
power grid with high-speed communication capability 410
and connected via a high spped link 303 for local commu-
nication to LINCs at the edge of the power grid for estab-
lishing integrated local control capability. This enable power
input changes to be locally recognized and corrective action
taken locally to prevent unwanted disturbances being intro-
duced.
[0056] FIG. 7 is a block diagram 700 of the distributed
loads 205 that include the FACTS-based demand response
(DR) control capability 702 and the high-speed communi-
cation capability 410 via high speed communication link
303, enabling load changes to be locally recognized and
corrective actions initiated.
[0057] FIG. 8 is a block diagram 800 showing the modi-
fications that enable the energy storage devices 801 outside
the edge of the power grid 300 coupled to the HV power
grid. A controller 802, which in the case shown is a FACTS-
based controller and a high-speed communication capability
410 with inter connections using high speed links 303 form
part of the control capability for the total power system.
[0058] FIG. 9 is a block schematic 900 of the total power
system as per the present invention, with two HV power
grids 910 and 920 and associated distributed impedance
injection modules 301, other actuator devices 500 that are
enabled with distributed standardized control and commu-
nication capabilities. The current invention uses the capa-
bilities established for sub-cyclic control and appropriate
communication for all the distributed impedance injection
modules 301, other actuator devices 500 and the miscella-
neous FACTS-coupled devices, such as distributed genera-
tors 600, energy storage devices 800 etc. that are inside, at
the edge and outside the edge of the power grid 300 to
provide a distributed but integrated sub-cyclic control and
response capability to the total power system 900. These
enable optimization of the operation of the total power
system 900 from generation to distribution. In the disclosed
exemplary implementation the CDIIM 301, LINCs 302,
other actuator devices 500, the Energy Storage devices 800,
and the distributed generation capabilities 600, as well as the
distributed loads with DR capabilities 700, are all with
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control capability that is typically FACTS-based and are
interconnected locally using the high-speed communication
capability 410 provided by the high-speed communication
links 303 associated with each of the devices as shown and
described in FIG. 4 to FIG. 8., This communication capa-
bility is provided through the nearest LINC 302, shown in
FIG. 9, for localized communication and control supervi-
sion. The LINCs 302 are also interconnected with high-
speed link connections 303 for high-speed inter-LINC com-
munication between the neighboring local areas. The LINCs
302 are further connected to the utility supervisory 206
using communication connections 305 which may be slower
than the high-speed connection links 303, to enable data
transfer and overall supervisory control of the total power
system.

[0059] The control and communication capabilities of the
total power system 900, implemented within, at the edge and
outside the edge of power grid 300 are integrated using
typically the FACTS-based control, and high-speed commu-
nication at each of the actuator modules, other actuator
devices and miscellancous FACTS-coupled actuator
devices, and covers the total power system from generation
to distribution. Such a system can provide optimized,
dynamic, localized control of power flows from generators
to loads by adjusting the generation outputs and line currents
of'the HV transmission grid based on system constraints and
load requirements. The high-speed communication capabili-
ties linking the CDIIM 301, LINCs 302, with the FACTS-
coupled generators 600, DR-controlled loads 700, other
actuator devices 500, and FACTS-coupled energy storage
devices 800 provide a system-level capability for localized,
intelligent and capable of sub-cyclic control of all connected
subsystems and devices within the total power system 900.

[0060] A typical example is when a distributed load comes
online suddenly. Due to the inertia of the system, it takes
time for the main generators to rev up and increase the
supply current. The sudden increase in load can cause
oscillations and droop in voltage on the HV Power grid and
hence at the connected loads. In the disclosed system the
drop in voltage at the load and oscillations are sensed by the
distributed monitoring and control facility of the CDIIM
301. The local CDIIM 301 respond to the oscillations by
producing and injecting damping voltages on the line as has
been described in the parent application. In this instance the
monitoring and control capability of the CDIIM 301 linked,
using high-speed communication links, directly or through
LINCs 302 to other CDIIMs 301, to distributed local moni-
toring and control capability of FACTS-coupled generators
600, and FACTS-coupled storage devices 800. The control
information/instructions provided from the CDIIMs 301
enable any locally connected FACTS-coupled energy stor-
age devices 800 to be switched in to provide the necessary
load current while the local distributed FACTS-coupled
generators or the main conventional generators under super-
visory control are reved up and brought online to cater to the
load, thus enabling a much faster and smoother response to
the additional load than possible with the current generator-
distribution systems. The local monitoring and control capa-
bility at the distributed generators, load and the energy
storage devices working together at the local level can
resolve the problem of oscillations and sagging voltage at
the distributed load. The information collected of the prob-
lem identified and the corrective action is also intimated to
the supervisory utility 206 over the standard communication
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link 305. The supervisory utility 206 can then decide if any
further action to re-balance the HV power grid and the total
power system from generators to distribution is warranted
for optimum operating efficiency of the total power system
900.

[0061] A second example will be when a distributed
generation capability such as wind or solar generation is
brought online suddenly. Due to the low inertia associated
with these generating systems they can be turned on and
connected to the grid to pump energy into a stable operating
HV power grid. This low inertia input can result in oscilla-
tions and unbalancing of the HV power grid and the total
power system. The local sensing and monitoring capability
of'the CDIIM 301 senses the oscillations and the unbalanced
HYV power grid condition and the control element reacts by
generating and injecting the necessary impedance/voltages
to dampen the oscillations and to re-balance the HV power
grid. At the same time, the CDIIM 301 communicate over
the high-speed links to the LINCs 302 to inform and provide
control instructions to the FACTS control at the distributed
FACTS-coupled generators 600 to control the rate of injec-
tion of power onto the HV power grid. The LINCs 302 also
instruct the FACTS controllers at the FACTS-coupled
energy storage devices 800 to enable storing of the excess
energy pumped into the HV power grid till the HV power
grid is brought back to equilibrium. Hence by using the local
monitoring, control and communication capabilities at the
distributed impedance injection modules 301 LINCs 302,
the FACTS-coupled distributed generators 600 and the
FACTS-coupled energy storage devices 800, all with high-
speed communication capability, the HV power grid and the
total power system stability is maintained even under these
adverse conditions. The identified cause of HV power grid
disturbance and the solution are also intimated to the super-
visory utility 206 over the communication link 305 by the
LINCs 302. The supervisory utility 206 can then decide if all
the components of the total power system from generators to
transmission to distribution need to be optimally re-bal-
anced.

[0062] The disclosed total power system 900 is hence able
to respond optimally and locally at high-speed, (at sub-
cyclic speed) to any of the disturbances on the total power
system 900. The total power system 900 is also able to
optimize its operations from the generation of power, trans-
mission of power over high voltage transmission lines of the
HV power grid, to the distribution of power needed at the
appropriate voltage levels and phases. The disclosed inven-
tion provides also for monitoring and control of the general
operation of the HV power grid and the total power system
900, for operations such as, but not limited to, line balanc-
ing, harmonic reduction or elimination, and monitoring and
control of all other important system characteristics. The
monitoring and control of the total power system 900 uses
the hierarchical control capability established by the cur-
rently disclosed invention. All of the above are collectively
referred to as “conditions”—conditions on the total power
system including the high voltage transmission lines of the
HV power grid in the claims to follow.

[0063] Even though the invention disclosed is described
using specific implementations, examples, circuits, and
components, it is intended only to be exemplary and non-
limiting. The practitioners of the art will be able to under-
stand and modify the same based on new innovations and
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concepts, as they are made available. The invention is
intended to encompass these modifications.

What is claimed is:

1. A high voltage power grid comprising:

transmission lines to transport power at high voltage from
power generators to sub-stations;

a plurality of impedance injection modules, each imped-
ance injection module coupled to and collectively dis-
tributed along the transmission lines, and having a
sensor to monitor the transmission line to which the
impedance injection module is coupled;

a plurality of local intelligence centers, at least one local
intelligence center being in communication with each
impedance injection module; and

a supervisory utility configured to communicate with the
power generators, the substations and the local intelli-
gence centers;

wherein the supervisory utility, the local intelligence
centers, and the impedance injection modules collec-
tively and interactively control and monitor the high
voltage power grid in a hierarchical manner;

wherein one or more of the local intelligence centers
coordinate a response to disturbances on the high
voltage power grid, and the impedance injection mod-
ules respond locally to reduce the disturbances on the
high voltage power grid in accordance with the
response;

wherein the supervisory utility provides control instruc-
tions for local and global control of the high voltage
power grid in order to achieve system goals set for the
high voltage power grid.

2. The high voltage power grid of claim 1 further com-

prising

distributed generation units; and

distributed energy storage devices, each energy storage
device having a flexible alternating current transmis-
sion system (FACTS) based control;

wherein each generation unit and each energy storage
device being in high-speed communication with at least
one local intelligence center for control of the genera-
tion unit and the energy storage device.

3. The high voltage power grid of claim 2, wherein

the distributed generation units comprise at least one of:
wind powered generation units, solar powered genera-
tion units, bioenergy power generation units, or wave
powered generation units, and

the distributed energy storage devices comprise at least
one of: pumped storage, battery storage, flywheel stor-
age, or superconducting storage.

4. The high voltage power grid of claim 1, further
comprising at least one electronic system for monitoring and
control of the power flow over the high voltage power grid,
the at least one electronic system having a flexible alternat-
ing current transmission system (FACTS) based control and
configured to communicate with at least one local intelli-
gence center that controls the at least one electronic system
in order to monitor and control the power flow over the high
voltage power grid.

5. The high voltage power grid of claim 4, wherein the at
least one electronic system further includes one of: a static
synchronous series compensator, a unified power-flow con-
troller, or an interline power-flow controller.
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6. The high voltage power grid of claim 5, wherein the at
least one electronic system is a FACTS based compensator
or controller.

7. The high voltage power grid of claim 1, wherein the
hierarchical manner in which the supervisory utility, the
local intelligence centers, and the impedance injection mod-
ules collectively control and monitor the transmission lines
provides integrated control of the high voltage power grid.

8. The high voltage power grid of claim 4, wherein the
communication between the at least one electronic system
and the at least one local intelligence center, and the com-
munication between the at least one local intelligence center
and each impedance injection module, enable the response
to disturbances on the high voltage power grid to be sub-
cyclic to prevent the disturbances from growing into power
delivery and quality issues on the high voltage power grid.

9. The high voltage power grid of claim 8, wherein the
disturbances on the high voltage power grid comprise at
least one of: small signal instabilities, power oscillations, or
sub-synchronous resonance.

10. A monitoring and control system having hierarchical
control of a total power system, the system comprising:

sensors distributed over and coupled to the total power
system and configured to recognize changes and dis-
turbances on a plurality of transmission lines of the
total power system;

a plurality of high-speed communication enabled imped-
ance injection modules distributed over the transmis-
sion lines of the total power system, and configured to
respond to the recognized changes and disturbances on
the transmission lines and to inject an impedance to
compensate for the recognized changes and distur-
bances;

miscellaneous flexible alternating current transmission
system (FACTS)-coupled actuator devices coupled to
an inside of, an outside of, or at an edge of the total
power system,

a plurality of local intelligence centers, each local intel-
ligence center configured to provide local supervisory
coordination to at least one impedance injection mod-
ule, at least one actuator device, and at least one
miscellaneous FACTS-coupled actuator device in a
local region communicatively linked to the local intel-
ligence center; and

a supervisory utility enabled to provide control instruc-
tions for control of the total power system, wherein the
supervisory utility is in communication with power
generation systems, substations, and the local intelli-
gence centers;

wherein the supervisory utility, the local intelligence
centers, and the impedance injection modules collec-
tively and interactively control and monitor the total
power system in a hierarchical manner from generation
to distribution.

11. The system of claim 10, wherein each impedance
injection module is configured to respond locally to any
recognized disturbances on a respective transmission line.

12. The system of claim 10, wherein the impedance
injection modules are further configured to modify and
update respective reference settings of the impedance injec-
tion modules, reference settings of the actuator devices, or
reference settings of miscellaneous FACTS-coupled actua-
tor devices through the local intelligence centers based on

Jun. 20, 2019

changes to operating conditions of the system, while the
total power system is in operation.

13. The control apparatus of claim 10, wherein the mis-
cellaneous FACTS-coupled actuator devices comprise: dis-
tributed generators, energy storage devices, and distributed
demand response units coupled to the total power system,
wherein the distributed generators, the energy storage
devices, and the distributed demand response units include
FACTS-based control.

14. A method of controlling a high voltage power grid
having transmission lines to transport power at high voltage
from power generators to sub-stations, the method compris-
ing:

coupling a plurality of intelligent impedance injection

modules to the transmission lines, the plurality of
impedance injection modules being distributed along
the transmission lines, each impedance injection mod-
ule being configured to inject impedance or voltages
into a respective transmission line;

coupling sensors to the transmission lines to sense and

identify changes and disturbances on the transmission
lines;
providing a plurality of local intelligence centers, each
local intelligence center being configured to commu-
nicate with at least one impedance injection module;

receiving, from at least one sensor, identified changes and
disturbances on the transmission line to which the at
least one sensor is coupled; and

in response to the received changes and disturbances,

transmitting, from at least one local intelligence center,
instructions to the at least one impedance injection
module to cause the at least one impedance injection
module to inject impedance or voltages onto the respec-
tive transmission line to correct the received changes
and disturbances.

15. The method of claim 14, further comprising:

transmitting from one local intelligence center to at least

one additional local intelligence center to cause the at
least one additional local intelligence center to transmit
instructions to respective impedance injection modules
corresponding to the at least one additional local intel-
ligence center to cause the respective impedance injec-
tion modules corresponding to the at least one addi-
tional local intelligence center to inject impedance or
voltages onto the respective transmission line to which
the respective impedance injection modules are
coupled to correct the received changes and distur-
bances on the respective transmission line.

16. The method of claim 14, wherein the injection to
correct the received changes and disturbances on the respec-
tive transmission line is sub-cyclic to prevent the distur-
bances from growing into power delivery and quality issues
on the high voltage power grid.

17. The method of claim 14, wherein

the high voltage power grid further comprises a supervi-

sory utility in communication with the power genera-
tors, the substations, and the local intelligence centers,
and

the supervisory utility provides control instructions to

interactively balance and control the high voltage
power grid through control of the substations, the local
intelligence centers, and the power generators.

18. The method of claim 17, wherein the high voltage
power grid further comprises distributed generation units
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and distributed energy storage devices, each generation unit
and each energy storage device having a flexible alternating
current transmission system (FACTS) based control and in
communication with the local intelligence centers for con-
trol of the distributed generation units.

19. The method of claim 18, wherein

the distributed generation units comprise at least one of:

wind powered generation units, solar powered genera-
tion units, bioenergy power generation units, or wave
powered generation units,

each distributed generation unit coupled to the high

voltage power grid through FACTS control devices.

20. The method of claim 18, wherein each distributed
generation unit being in communication with at least one
local intelligence center for control of the distributed energy
storage devices.

21. The method of claim 14, wherein the high voltage
power grid further comprises at least one electronic system
for monitoring and control of the power flow over the high
voltage power grid, the at least one electronic system having
a flexible alternating current transmission system (FACTS)
based control and being in communication with at least one
local intelligence center for control of the at least one
electronic system.
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