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Public Executive Summary

The obijective of this project was to construct an intelligent, real-time emergency control system to
provide effective and fast control actions to system operators in response to large contingencies or
extreme events. During the award period, the project team achieved the following major
accomplishments:

e Developed a novel deep-reinforcement-learning (DRL)-based real-time emergency control
method for power grids.

e Developed an HPC-based scalable platform for implementing the algorithms, training the model,
and validating the results.

e Developed a DRL-based and analytical-based hybrid emergency control method.

o« Developed a comprehensive and flexible power system scenario selection framework to
generate a set of much reduced but representative samples that can significantly reduce the
computational expenses in DRL.

e Conducted a comprehensive techno-economic analysis of the proposed techniques.

e Integrated the developed HADREC technology with a commercial tool V&R’s ROSE tool.

o Tested and demonstrated our solution with a real-world large transmission system with actual
model and data.

The HADREC technology developed in this project features real-time, validated, and predictive
emergency control capabilities needed to effectively safeguard the grid against costly disturbances from
extreme weather and other disruptive events. It has the potential to revolutionize the emergency control
by providing faster and more effective solution for power grid emergency control. The technology can
reduce the grid emergency control action time from minutes to seconds and mitigate the impact of
outages and reduce system recovery time. The evaluation results using the models and data from
PacifiCorp system have shown ~20% improvement in responding time and 70% improved in tripped
generator output, comparing against today’s industrial application. This performance can help reduce
preventive measurements and improve network utilization and market efficiency, and help lead to a
more reliable and resilient power grid with renewable integration. The project has generated significant
interest from industry, academic and commercial companies.



18/CJ000/09/01: Pacific Northwest National Laboratory - Chen
Close-out report: August 16, 2019 — November 15, 2022

Acknowledgement

The project was supported by funding from the U.S. Department of Energy (DOE) Advanced Research
Projects Agency - Energy (ARPA-E) OPEN 2018 program under award number 18/CJ000/09/01. The
project team would like to thank Dr. Richard O'Neill, Dr. Nathan Kamphuis, DR. Grace Brach, and Dr.
Chad Chadbourn for their comments, supports and leadership as the ARPA-E program management in
advancing technologies for Enhancing Power Grid Resilience.

We would like to thank the reviewers and advisors who provided valuable feedback and guidance
throughout the project. Their insights and suggestion have helped us to improve the quality of our work.

We are grateful for the opportunity to work on this project. We hope that this project will have a positive
impact on the society.



18/CJ000/09/01: Pacific Northwest National Laboratory - Chen
Close-out report: August 16, 2019 — November 15, 2022

Table of Contents

PUDIIC EXECULIVE SUMMQIY .....covvveeeenueiiiinninsnnnnunsiissssssssssmmsssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnssssssssssss 2
Yot (¢ Lo 11T =T [ =T 1 LT 1 3
Accomplishments AN OBJECTIVES ...........ueceeieiiieeeeeeniiiiiiiiiniisensiiiiiissiisimsssmssisissssmmmmssssssssssssssssssssssssssssssssssssssssssss 5
Lo Y=ot 1YL= Vet 1 17 1 L= 13
PrOJECt OQULPULS .....covvvueiieriiniiiiriisiiiinrissiiisiesiesisrissesisssssmssiesmssssisstesssssssssssssessesssssssssssssssssssssssssssssssssssssssssssnssssnns 13
FOIIOW-0N FUNGING ..cccuuuureeiiiiiininrrnennciiiniiiinssnnsiiisissmsisssssmsssissssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnsssssssssssss 16

Table of Tables

Table 1: Key Milestones and DeliVErabIEs...............c.oovioiiiiiioiiceeceeeee et 5



Accomplishments

The key technical milestones and deliverables proposed in this project with the actual performance is
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and Objectives

summarized in Table 1 below.

Table 1: Key Milestones and Deliverables

Project Milestones
and Deliverables

Detailed
Description
and Targets

Actual Performance

Task 0:
Performance Metrics

MO: Performance
Metrics

Refine tasks and milestones for the work
plan and the performance metrics (if
applicable). Report the final tasks,
milestones and metrics to ARPA-E PD for
approval. Category 1: Offline Training for
2000-Bus system Computing
environment: Network size: Base cases:
Contingency scenarios: Training time:
Metrics/Criteria: average load shedding
amount reduction Category 2: Offline
Testing for 2000-Bus system Computing
environment: Network size: Base cases:
Contingency scenarios: Detection to
action time: Metrics/Criteria: average load
shedding amount reduction Category 3:
Offline Training for 20k-Bus system
Computing environment: Network size:
Base cases: Contingency scenarios:
Training time: Metrics/Criteria: Category
4: Offline Testing for 20k-Bus system
Computing environment: Network size:
Base cases: Contingency scenarios:
Detection to action time: Metrics/Criteria:
Category 5: Hybrid control method
Control selection or switching criteria:

(10/7/2020) a document to define
performance metrics as required in
milestone MO was prepared and approved.

Task 1: DMRL

M1.1: Development
plan of DMRL
algorithm

Draft DMRL algorithm design and
development plan, including review of
state-of-the-art, existing main scalability
bottlenecks, potential approaches to
address them and development plan for
the next two years.

(1/20/2020) The project team developed
the DMRL algorithm design and
development plan, and added
contingency plans for both RL algorithms
and the input data dimensional reduction
in the updated DMRL development plan.

M1.2: Initial DMRL
algorithm
development

A report documenting updated development
plan and the team’s initial efforts to develop
the DMRL algorithm will be

delivered to and approved by the ARPA-E

(11/15/2020) The developed initial DMRL
algorithm was tested on a 2000-bus
synthetic power system data set and the
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Program Director. With the input of the pre-
and post-contingency system

states and conditions (bus voltages, bus
frequencies, generator speeds and angles,
and load levels), the DMRL

algorithm provides effective sequential post-
contingency corrective emergency control
actions (will focus on UVLS at

this stage) that can save the systems from
\voltage collapse and transient stability
problems. As shown in Appendix B,

the DMRL algorithm developed in this task
will be interfaced with the multiple simulation
environments created by the

parallel algorithm and platform developed in
task 2. The integration work will be
performed in task 2. The team will test

the DMRL algorithm with a ~2,000-bus
synthetic power system for different
operation conditions (different power flow
cases) of a system, with a set of critical
contingencies (to be approved by PD). The
power flow base cases and

contingencies are identified in Task 4. The
performance metrics specified in categories 1
and 2 in Milestone 0 will be

used. The test results and performance
metrics will be reported in the report for
Milestone 2.2. The completion of
Milestone 2.2 also justifies
completion of this milestone.

the

test results were documented in the
deliverable M2.2 report.

M1.3: Final DMRL
algorithm

Updated report on the development of the
DMRL algorithm delivered to and approved
by the ARPA-E Program Director.

The test results and issues observed from
Milestone 2.2 will be used to further improve
the DMRL algorithm during this
development stage. With the input of the pre-
and post-contingency system states and
conditions (bus voltages, bus

frequencies, generator speeds and angles,
and load levels), the DMRL algorithm
provides effective sequential post
contingency

corrective emergency control actions that can
save the systems from voltage collapse and
transient stability

issues. The enhanced DMRL algorithm (in
M1.3) will be compared to the results
obtained and reported associated to

M1.2; the enhanced approach will be applied
to the exact same system and use case

associated to M1.2. The metrics

(8/15/2021) We completed development and
testing of our novel DMRL algorithms including
parallel ARS, metastrategy optimization and
model-based DMRL methods. They have been
tested with large real-world system. The results
are reported in M2.3. They met all the metrics
defined in MO.
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to gauge improvements in algorithm
capability will be defined in MO. The team will
test the DMRL algorithm with a ~20kbus
power system for different operation
conditions (different power flow cases) of a
system, with a set of critical

contingencies. The power flow cases and
contingencies are identified in Task 4. The
performance metrics specified in
categories 3 and 4 in Milestone 0 will be
used. The test results and performance
metrics will be reported in Milestone

2.3. The completion of Milestone 2.3 also
justifies the completion of this milestone.

Task 2: Parallel
algorithm and
platform for training
and testing

M2.1: DMRL training
algorithm and
platform
development plan

Report on the HPC-based parallel
algorithm and platform architecture
design, including connection and
interfaces between DMRL algorithms,
GridPACK, and the HPC platform will
be provided.

(2/15/2020) PNNL and Google teams
have worked together and drafted a
development plan for the HPC-based
training algorithm and platform. The
overview architecture of the platform is
first presented. The parallelism at
different level and mapping from
algorithms to hardware are discussed.
Details of the connections and interfaces
between DMRL algorithms, GridPACK,
and the HPC platform are also included.

M2.2GNG: Initial
parallel algorithm
and platform
development and
testing

Development of the parallel algorithm
and platform and the test results will be
documented in a report, which will be
submitted as a deliverable of this
milestone to ARPA-E PD for approval.

Testing of the developed
algorithm and platform will be
based on the cases, contingency
scenarios, performance metrics
specified in categories 1 and 2 in
Milestone 0. Completion of this
milestone is to achieve the
performance metrics above.

(11/15/2020) The project team
completed the first version of parallel
training algorithm and platform for
training DMRL agents for grid
emergency control. They have been
applied in the training of a 2000-bus
Texas system, and the test results
showed that the performance of the
algorithm and platform can meet the
requirements specified in the
performance metrics.

M2.3GNG: Updated
parallel algorithm
and platform and
testing

The updated parallel algorithm and the
HPC platform should be capable of
handling a 20,000-bus system, with
different operational base case
scenarios and a set of critical
contingencies identified in M4.3.

Testing of the developed algorithm and

(8/15/2021) The project team updated
the parallel algorithm and the HPC
platform and tested with a 20,000-bs
system with different contingencies and
base case scenarios. The algorithm,
platform, test results and performance
metrics were summarized in M2.3
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platform will be based on the cases,
contingency scenarios, performance
metrics specified in categories 3 and
4 in Milestone 0. Completion of this
milestone is to achieve the performance
metrics above.

The updated parallel algorithm and
platform, test results, and performance
metrics will be presented in a report,
which will be submitted as a deliverable
of this milestone to ARPA-E PD for
approval.

technical report.

M2.4: Final parallel
algorithm and
platform and testing

The team will finalize the training
algorithm and platform development
based on further testing and make it
ready for open-source release.
Deliverables (subject to PD
approval): 1) A summary report
describing the updated parallel
algorithm test results 2) Parallel
algorithm code will be released

(4/7/2022) The project team has finalized
the training algorithm and platform
development. An invention disclosure
report was submitted via PNNL and the
HADREC code was released at GitHub.
https://github.com/pnnl/hadrec

Task 3: Develop
three emergency
control schemes in
GridPACK

M3.1: Under-voltage
load shedding
(UVLS), dynamic
braking and
controlled islanding
emergency control
scheme completed

Report on the design specifications,
development of three selected
control schemes in GridPACK and
functional testing results with ~2,000-
bus system. The functional test
results need to show the
implementations are working as
designed (according to the
specifications).

(8/15/2020) The project team have
completed implementation and testing of
all three emergency control schemes in
GridPACK.

Task 4: Data
collection and case
selection using
smart sampling

M4.1: NDA for data
sharing and result

PNNL and V&R will sign NDAs with
PacifiCorp to specify the data sharing
scope, restrictions and what kind of
results obtained based on the data

(10/30/2019) NDAs between PNNL and
V&R have been signed for this project.
PNNL and V&R have signed NDAs with
PacifiCorp covering the data sharing

publication shared by PacifiCorp could be used for | scope, restrictions and results
reporting and public release. disclosure.
M4.2: Data Collect 30 planning cases (including (2/15/2020) PacifiCorp team has

collection completed

power flow and dynamic data) for 2019,

completed data collection of 30 WECC
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2020 and 2021 and >1000 EMS cases
(power flow) from PacifiCorp. Load and
generation forecast information will also
be collected

planning bases, 1008 EMS cases and
load and generation forecast information.
PNNL team completed initial data
checking of them.

M4.3: Smart
sampling for case
and contingency
selection

Complete uncertainty quantification
and smart sampling algorithms for
representative power flow cases and
critical contingencies selection, with
>1000 real-world cases and
contingencies provided by PacifiCorp
(initial planned work to be reported in
MO).

Completion of this task will be
documented in a quarterly report,
describing the smart sampling
algorithms and how they are used to
“‘down-sample” representative power
flow cases and critical contingencies
with test results, showing that the
team achieve the design objectives
defined in MO.

(3/15/2021) We performed in-depth
exploratory data analyses on 1459
WECC system power flow cases
covering four seasons to understand the
data structure, main patterns. Based on
that, we developed a procedure to
handle the significantly large data space
of the WECC system, adapted and
applied our previously developed smart
sampling techniques on the WECC
system dataset. Our preliminary results
showed that the design objectives
defined in MO were made. All the details
were summarized in the quarterly report.

Task 5: Develop a
DRL-based and
analytical-based
hybrid emergency
control method

M5.1: Design and
initial development
of hybrid emergency
control method

Report on the design and initial
development of DMRL- and analytical-
based hybrid control scheme.
Document key design and
development details in a report and
submit it to ARPA-E for PD approval.

(11/15/2020) The project team have
developed a safe ARS algorithm to
enhance the safety of the system during
the training. This algorithm was tested on
the IEEE 39-bus test testcase. A hybrid
emergency control scheme was initially
developed, which involves ARS-based
and rule-based emergency controls, as
well as mechanisms for switching
between them.

M5.2: Updated
hybrid emergency
control method and
implementation and
test

Testing of the hybrid control with a
~2000-bus system with a particular
number of out-of-sample testing to be
conducted that is derived from a smart
sampling technique against a superset
of potential cases (to be defined in
MO); for example, there is the potential
to choose >100 different base cases
with at least 10 extreme fault

(5/15/2021) We updated our hybrid
control design and performed
comprehensive testing on the Texas
2000-bus system with 110 different base
cases (including 20 extreme fault
contingencies). Our results showed that
we can meet the design objectives
defined in MO. A report was delivered.
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contingencies not considered during
the training of DMRL based method to
define the superset. Successful tests
should show analytical based control
can complement DMRL based control
and the algorithm can automatically
select the most reliable (the metrics
will be defined in category 5 in MO)
control strategies based on the actual
system conditions

M5.3: Final hybrid
emergency control
algorithm and test

The test results and issues observed
from Milestone 5.2 will be used to
further improve the hybrid control
scheme during this development
stage.

Testing of the hybrid control with real-
world systems with a ~20k bus
system with a particular number of
out-of-sample testing to be conducted
that is derived from a smart sampling
technique against a superset of
potential cases (to be defined in MO0);

Successful test should show
analytical based control can
complement DMRL based control,
and the algorithm can automatically
select the reliable control strategies
based on the actual system
conditions

Report of the development and test
results will be submitted to PD for
approval.

(11/15/2021) We completed
development and testing of the hybrid
control on a real-world 20,000-bus
system. The report of the development
and test results was submitted for
approval.

Task 6: Integrate the
DMRL-based
emergency control
algorithms with the
V&R ROSE platform

M6.1: Overall
integration design
completed

Report on the design and specifications
of the integration.

(5/15/2021) We completed the initial
overall design of integrating the
HADREC technology with V&R’s tools
including LSE POM and ROSE. The
overall design in details has been
documented in the M5.2 technical report.

M6.2: Update of the

Initial prototype of the platform.

(2/15/2022) The project team have
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platform
development and
initial function testing

Testing of the key functions of the
platform will be performed, and the
results will be compared with the
specifications developed in M6.1.
The prototype will also be
demonstrated in a quarterly report
for feedbacks. The results will be
documented in a report and
submitted to ARPA-E PD for
approval.

generated fault event data with and
without control actions and provided to
V&R energy to customize the V&R
Linear State Estimator (LSE) software for
integration. The customization is
completed, and initial function testing is
completed.

M6.3: Final System
Test

Demonstration of complete platform,
following the developments and testing in
M1.3 and M2.3, showing that the
platform integrates the new algorithms
developed in this project and existing
commercial tools from V&R Energy.
Completion of this task will be
documented in a report describing the
final test results. The report will be
submitted to ARPA-E PD for approval.

(08/15/2022) The integration with V&R’s
LSE and PMU Viewer is completed. A
web-based GUI has been developed to
show the advantages of HADREC. The
HADREC algorithm has been tested with
both original EMS data and LSE outputs.
The technical report that summarizes the
final system test has been submitted to the
ARPA-E team.

Task 7: T2M

M7.1: Software
Release Plan

Listing of all software products to be
released throughout the course of the
project.

(11/15/2019) The software release plan
was signed by PNNL, V&R Energy and
Google. The signed software release
plan was sent to PD and approved by
PD.

M7.2: Initial
Technology-to-
Market plan
submitted for ARPA-
E acceptance and
initial impact sheet
drafted

Initial T2M plan, including (a) initial
product hypothesis; (b) differentiating
features from incumbent emergency
control technologies; (c) approach to
techno-economic analysis (TEA)
including integration of technical findings;
(d) engagement plan with vendors and
industry users; (e) IP strategy.
Submission of T2M plan to ARPA-E for
PD approval.

(5/15/2020) The initial T2M plan and the
impact sheet were delivered and
approved by ARPA-E.

M7.3: Final iteration
of T2M plan
submitted for ARPA-
E acceptance

Integrate results of technical
investigation, techno-economic
analysis, and market analysis to
assess impact, value, and plans for
further technological development.
Submission of updated T2M plan to
ARPA-E for PD approval.

(6/30/2022) The project team has
submitted the updated T2M plan.

M7.4: End-of-project
T2M report and
updated impact

Brief ARPA-e on end-of-project status
T2M activities, including results of

prototype development and testing;

(6/30/2022) The end-of-project T2M
report has been submitted, as well as the

updated impact sheet.
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sheet submitted

customer reaction to development
efforts: and proposed future
development activities.

Submission of end-of-project T2M
plan to ARPA-E for PD approval.

M7.5: Software
Release

As specified in M7.1, the release of all
software products under the
conditions defined in M7.1.

(8/15/2022) The software products have
been released, including:

The Al algorithms and training source
codes:
https://github.com/pnnl/HADREC/

High performance grid simulation
environment based on GridPACK:
https://qithub.com/GridOPTICS/GridPAC
K

Python wrapper for OpenAl-gym interface:
https://github.com/GridOPTICS/GridPACK
tree/master/python
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Projective Activities

In this project, the research team constructed an intelligent, real-time emergency control system to
provide effective and fast control actions to system operators in response to large contingencies or
extreme events. Existing grid control operations relies heavily on pre-defined control actions which are
generally set up at least a day in advance. These measures tend to be overly conservative and based
on worst case scenarios, not actual conditions. To address this challenge, the research team developed
algorithms of deep-reinforcement-learning (DRL) -based real-time emergency control and hybrid DRL-
based ana analytical-based emergency control to help grid operators respond to outages and
emergency conditions as they're happening. Furthermore, the developed algorithms have been
validated by both synthetic 2,000-bus models, and real-world PacifiCorp models and data. The
evaluation results using the models and data from PacifiCorp system have shown ~20% improvement in
responding time and 70% improved in tripped generator output, comparing against today’s industrial
application. This results in a more resilient and secure grid, reduced operating costs for power
companies, and prevents billions of dol- lars lost each year due to outages.

Project Outputs

A. Journal Articles

e HuangR., Y. Chen, T.Yin, X. Li, A. Li, J. Tan, and W. Yu, et al. 2021. "Accelerated Derivative-
free Deep Reinforcement Learning for Large-scale Grid Emergency Voltage Control." IEEE
Transactions on Power Systems. PNNL-SA-153819. doi:10.1109/TPWRS.2021.3095179

e Sun X, X. Li, S. Datta, X. Ke, Q. Huang, R. Huang, and Z. Hou. 2021. "Smart sampling for
reduced and representative power system scenario selection." IEEE Open Access Journal of
Power and Energy 8. PNNL-SA-159391. doi:10.1109/0AJPE.2021.3093278

e Hossain R., Q. Huang, and R. Huang. 2021. "Graph Convolutional Network-Based Topology
Embedded Deep Reinforcement Learning for Voltage Stability Control." IEEE Transactions on
Power Systems 36, no. 5:4848 - 4851. PNNL-SA-156599. doi:10.1109/TPWRS.2021.3084469

e DuY., Q. Huang, R. Huang, T.Yin, J. Tan, W. Yu, and X. Li. 2022. "Physics-Informed
Evolutionary Strategy Based Control for Mitigating Delayed Voltage Recovery." IEEE
Transactions on Smart Grid 37, no. 5:3516-3527. PNNL-SA-159691.
doi:10.1109/TPWRS.2021.3132328

e Wang S, L. Du, X. Fan, and Q. Huang. 2021. "Deep Reinforcement Scheduling of Energy
Storage Systems for Real-time Voltage Regulation in Unbalanced LV Networks with High PV
Penetration." IEEE Transactions on Sustainable Energy 12, no. 4:2342-2352. PNNL-SA-163829.
doi:10.1109/TSTE.2021.3092961

e HuangR., Y. Chen, T.Yin, Q. Huang, J. Tan, W. Yu, and X. Li, et al. 2022. "Learning and Fast
Adaptation for Grid Emergency Control via Deep Meta Reinforcement Learning." IEEE
Transactions on Power Systems 37, no. 6:4168-4178. PNNL-SA-179153.
doi:10.1109/TPWRS.2022.3155117



. Conference Papers

Vu T., S. Mukherjee, R. Huang, and Q. Huang. 2021. "Barrier Function-based Reinforcement
Learning for Emergency Control of Power Systems." In IEEE 60th Conference on Decision and
Control (CDC 2021), December 14-17, 2021, Austin, TX, 3652-3657. Piscataway, New
Jersey:|EEE.

Vu T., S. Mukherjee, T. Yin, R. Huang, J. Tan, and Q. Huang. 2021. "Safe Reinforcement
Learning for Emergency Load Shedding of Power Systems." In IEEE Power & Energy Society
General Meeting (PESGM 2021), July 26-29, 2021, Washington DC, 1-5. Piscataway, New
Jersey:IEEE. doi:10.1109/PESGM46819.2021.9638007

Hossain R., K. Mahapatra, Q. Huang, and R. Huang. 2022. "Physics-informed Deep
Reinforcement Learning-based Adaptive Generator Out-of-step Protection for Power Systems."
In IEEE PES GM 2023.

Vu T., S. Mukherjee, R. Huang, and Q. Huang. 2021. "Safe Reinforcement Learning for Grid
Voltage Control." In NeurlPS 21 Workshop on Safe and Robust Control of Uncertain Systems.
Sun X., S. Datta, Z. Hou, X. Li, Q. Huang, R. Huang, and Y. Chen. 2022. "Scenario Selection for
the Real World System Data via Smart Sampling." In Innovative Smart Grid Technologies, North
America (ISGT NA 2023).

. Status Report

High Performance Adaptive Deep-Reinforcement-Learning-based Real-time Emergency Control

(HADREC) to Enhance Power Grid Resilience in Stochastic Environment (MO Performance

Metrics )

Development Plan for Deep Meta-Reinforcement Learning Algorithm (Deliverable for Task 1

Milestone M1)

Development Plan for DMRL Training Algorithm and Platform (Deliverables for ARPA-E OPEN

2018 HADREC Project Milestones M1.2)

Development of Deep Meta Reinforcement Learning Algorithm and Emergency Control Schemes
(A Deliverable for ARPA-E OPEN 2018 HADREC Project Milestones M1.2 and M3.1)

M1.3 milestone status that reports final DMRL development and implementation

Development Plan for DMRL Training Algorithm and Platform (A Deliverable for ARPA-E OPEN

2018 HADREC Project Milestone M2.1)

Development and Testing of Parallel Training Algorithm and Platform on 20,000-Bus System

(Deliverables for ARPA-E OPEN 2018 HADREC Project Milestones M2.3)

M2.4 technical report for final parallel algorithm and platform and testing

Development and Testing of Parallel Training Algorithm and Platform and Hybrid Control Method
(Deliverables for ARPA-E OPEN 2018 HADREC Project Milestones M2.2 and M5.1)

Development and Testing of Parallel Training Algorithm and Platform and Hybrid Control Method
(Deliverables for ARPA-E OPEN 2018 HADREC Project Milestone M5.2)

M4.3 milestone status report on the development of smart sampling algorithms and how they are

used to “down-sample” representative power flow cases and critical contingencies with test

results.

M5.3 milestone status report on Final hybrid emergency control algorithm and test

The Updated T2M Plan report_V2_M7.3 report that includes our response for early comments.



D.

TEA comments response to APRA-E: the detailed response to the comments we received for the
original version of T2M plan (M7.3).

Initial Technology to Market Plan (A Deliverable for ARPA-E OPEN 2018 HADREC Project
Milestone M7.2)

HADREC End-of-project T2M Report ((A Deliverable for ARPA-E OPEN 2018 HADREC Project
Milestone M7.4)

Project impact_sheet: the updated project impact sheet (which is part of the T2M M7.4 report)
Technical report of the final test results. (A Deliverable for ARPA-E OPEN 2018 HADREC Project
Milestone M6.3)

Media Reports

Several news releases on our project were reported by leading media outlets including Bloomberg
and businesswire.

E.

https://www.businesswire.com/news/home/20191001005409/en/VR-Energy-in- Partnership-with-
PNNL-PacifiCorp-and-Google-Awarded-an-ARPA-E-Funded- Project-for-Grid-Control-
Technology
https://www.homelandsecuritynewswire.com/dr20211202-new-generation-of-grid-emergency-
control-technology
https://www.bloomberg.com/press-releases/2019-10-01/v-r-energy-in-partnership-with-pnnl-

pacificorp-and-google-awarded-an-arpa-e-funded-project-for-grid-control-technology

https://opengovasia.com/industry-collaboration-powers-new-generation-of-grid-emergency-

control-technology/

https://techxplore.com/news/2021-11-industry-collaboration-powers-grid-emergency.html

Invention Disclosures

iEdison No. iEdison No. 0685901-22-0056, Battelle IP ID#32448-E,

F.

N/A

G.

Patent Applications

Licensed Technologies

License of Open-source tools, see section J for Open-Source software links.

H.

Networks/Collaborations Fostered

The PI, Yousu Chen, and the previous PI, Qiuhua Huang, were invited to deliver a presentation that
focus on ARPA-E HADREC:AI-enhanced grid emergency control in the PES GM 2022 super
session of Artificial Intelligence in Power Systems. The presentation title: Al for Grid Operation and
Emergency Control: Progress and Perspectives


https://www.homelandsecuritynewswire.com/dr20211202-new-generation-of-grid-emergency-control-technology
https://www.homelandsecuritynewswire.com/dr20211202-new-generation-of-grid-emergency-control-technology
https://www.bloomberg.com/press-releases/2019-10-01/v-r-energy-in-partnership-with-pnnl-pacificorp-and-google-awarded-an-arpa-e-funded-project-for-grid-control-technology
https://www.bloomberg.com/press-releases/2019-10-01/v-r-energy-in-partnership-with-pnnl-pacificorp-and-google-awarded-an-arpa-e-funded-project-for-grid-control-technology
https://opengovasia.com/industry-collaboration-powers-new-generation-of-grid-emergency-control-technology/
https://opengovasia.com/industry-collaboration-powers-new-generation-of-grid-emergency-control-technology/
https://techxplore.com/news/2021-11-industry-collaboration-powers-grid-emergency.html

¢ Yousu Chen, Qiuhua Huang, and Marriana Vaiman, were invited to deliver a webinar to IEEE PES
Big Data & Analytics Technical Committee on July 28th. The presentation title is "Convergence of Al,
Physics, Computing, and Control for Intelligent Power System Control and Beyond", with a focus on
the HADREC project outcomes.

1. Websites Featuring Project Work Results

https://www.pnnl.gov/events/pnnl-arpa-e-2022-summit

J. Other Products (e.g. Databases, Physical Collections, Audio/Video, Software, Models, Educational
Aids or Curricula, Equipment or Instruments)

e HADREC algorithm released
o The Al algorithms and training source codes: https://github.com/pnnl/HADREC/
o High performance grid simulation environment based on GridPACK:
https://github.com/GridOPTICS/GridPACK
o Python wrapper for OpenAl-gym interface:
https://github.com/GridOPTICS/GridPACK/tree/master/python

K. Awards, Prizes, and Recognition

N/A

Follow-On Funding

Additional funding committed or received from other sources (e.g. private investors, government
agencies, nonprofits) after effective date of ARPA-E Award.

N/A


https://www.pnnl.gov/events/pnnl-arpa-e-2022-summit
https://github.com/pnnl/HADREC/
https://github.com/GridOPTICS/GridPACK
https://github.com/GridOPTICS/GridPACK/tree/master/python
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