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Motivation

Needs ldentified by NERC:
1. EMT simulations as more power electronics are integrated

2. Higher fidelity-models of connected devices in power grid
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Incident Review
Considering Simultaneous Voltage-Sensitive Load Reductions

Primary Takeaways
Operators and planners of the Bulk Electric System (BES) should be aware of the risks and challenges
associated with voltage-sensitive large loads that are rapidly being connected to the power system.

when consi data centers and cryp y mining facilities, entities should be aware
of the potential for large amounts of voltage-sensitive load loss during normally cleared faults on the BES.
Voltage-sensitive data center-type loads have increased on the system and are predicted to continue
growing rapidly. The 2024 NERC Long-Term Reliability Assessment (LTRA) documents and discusses this
potential growth of data center-type loads. This vignette highlights this load-loss potential based on analysis
of a recent event in the Eastern Interconnection and offers some considerations for BES operators,
planners, and regulators concerning identifying and mitigating the potential reliability effects and risks
presented by these large voltage-sensitive load losses for future operations.

Summary of Incident
A 230 kV transmission line fault led to customer-initiated simultaneous loss of approximately 1,500 MW of
Itag ive load that was not by the BES operators. The electric grid has not historically
is load losses of this in response to a fault on the system, which has

h\stnncally been planned for large generation losses but not for such significant simultaneous load losses.
Simultaneous large load losses have two effects on the electric system: First, frequency rises on the system
asaresult of the imbalance between load and generation; second, voltage rises rapidly because less power
is flowing through the system. In this incident, the frequency did not rise to a level high enough to cause
concern. The voltage also did not rise to levels that posed a reliability risk, but operators did have to take
action to reduce the voltage to within normal operating levels. However, as the potential for this type of
load loss increases, the risk for frequency and voltage issues also increases. Operators and planners should
be aware of this reliability risk and ensure that these load losses do not reach intolerable levels.

Incident Details

At approximately 7:00 p.m. Eastern on July 10, 2024, a lightning arrestor failed on a 230 kV transmission
line in the Eastern Interconnection, resulting in a permanent fault that eventually “locked out” the
transmission line. The auto-reclosing control on the transmission line was configured for three auto-reclose
attempts staggered at each end of the line. This configuration resulted in 6 successive system faults in an
82-second period. The protection system detected these faults and cleared them properly. The shortest
fault duration was the initial fault at 42 milliseconds, and the longest fault duration was 66 milliseconds.
The voltage magnitudes during the fault ranged from .25 to .40 per unit in the load-loss area

2025

Do not want to make the same mistakes with large loads (that were observed with generation plants — trips,
oscillations)! — EMT simulations are needed for power electronics (large loads, HVdc, generation plants)!

*Acknowledgment: This information is the property of the North American Electric Reliability Corporation (NERC) and is available via the NERC
website. This content may not be reproduced in whole or any part without the prior express written permission of NERC.
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EMT Simulation — Challenges

01« INPUT ACCESS

Access to
system models

» Developers may have limited
access to grid models.

= Utilities and operators may
lack quality plant and load
models.

02 » MODEL READINESS

Trusted, reusable
models

Mo standard models or
consistent model-use
guidelines.

Models and studies are not
readily portable.

03 = STUDY DEFINITION

Purpose &
compliance

» Limited clarity on the EMT
applications of greatest value.

» Reliability requirements

(e.g., PRC-029) are difficult
to translate into studies.

04 « COMPUTE & SCALE

Simulation
performance

® EMT simulations can be
slow to execute.

s Only limited practical
scalability is feasible for
large study workloads.

05 « RESULTS & TOOLS

Data to
decision

» Simulation output volumes
are difficult to process.

» Existing simulators often
have limited support tools
for efficient workflows.

accessible models, clear study rules, portable workflows,

Scaling EMT simulation requires more than faster computation:
and connected analytics must advance together.
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EMT Initiative

Bring together national labs, academia, and industry partners under one
platform to accelerate the development and use of electromagnetic transient
(EMT) simulation software.

Vision

« Enable industry’s transition to EMT simulation for a secure, reliable
future grid through an ecosystem.

Overall Goal

* Integrate models, data, validation, standards, and workforce training.
Impact (Near-Term)

« Faster interconnection studies

* Reliable deployment of large loads and new generation

« Higher return on capital and lower capital expenditure

U.S. DEPARTMENT | Office of
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RE-INTEGRATE

EMT Simulation Platform

Inverters Generator Transformer  Transmission Lines  Large Loads

~ — iy

Integrators Linear Solvers Non-Linear Solvers
Features

o Dynamic Phasors  Stability Assessment  Screening Methods Al /ML
- (Control Design)



EMT Initiative: Working Groups
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« Working groups
created to work on

» GRID EMT
App"‘;,aiﬂ;gs e SIMULATION INITIATIVE
problems identified

Wlth EMT Marcmsﬂfz:ndo,
simulations and
| |

| ] 1 ] I
provide solutions to .
nput Data
. Structures and Solvers
the community! Models
Nilanjan Chaudhuri, Carol Woodward, Amar Sagar Reddy,
Shamim Hasan Phani Marthi Phani Marthi
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EMT Initiative: Team

National Labs Academia

e ORNL e FIU
e PNNL e ISU
e LLNL e PSU
e LBL e ASU
o GIT
e UTK
e Purdue University

: l_zs-'i:'{‘i—ﬂ‘;==
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Industry Partners

—— (includes WG partners)

e NERC, SPP, CUS, OGE

e Dominion Energy, FPL/NextEra
e SCE, Siemens Energy

e Hitachi Energy, GE Vernova
e MARA, MEPPI

e ERCOT, CAISO, MISO

e [SO-NE, TVA

e Meltran, Geminus Al

e Nvidia, AMD

e Nayak Corporation

e Silicon Ranch, Southern Power
e Enel Corporation, EDF

e Radian Generation

e CMPAS, Southern Company
e NYPA, JEA, El Paso Electric

GRID EMT

SIMULATION INITIATIVE



Applications
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Applications: Challenges, Roadmap, & Ongoing Work

Challenge: Limited understanding of usage of EMT simulations — what applications are of interest?

From interconnection studies to real-time operational decision-making

— | —
CURRENT FOCUS

STAGE 03 - STAGE 04
® Integration STAGE 01 @ Planning STAGE 02 @ Operational Assist Operational
Decision-Making
VALUE IMPACT VALUE IMPACT VALUE IMPACT
IMPACT | Capital expenditure 1 Return on capital 1 Return on capital VALUE IMPACT
1 Study speed (~10%) 1 Data-center integration | Capital expenditure + Return on capital
| Capital expenditure

LOCALIZED STUDIES REGIONAL STUDIES LARGER INTERCONNECTION STUDIES 1 ox reduction in

= Data center integration « HVDC planning « Automated post-event analysis reliability events
USE CASES = Manufacturing integration « Transmission planning « Event detection LARGER SYSTEM STUDIES
NOT EXHAUSTIVE) = Cryptocurrency mining « FACTS -« Predictive mitigation of events

+ Generation interconnection L .

A pa = Reliability-event analysis and
/ E\ decision-making
T « Real-time state estimation and
dynamic stability analysis

PRIMARY BENEFICIARIES PRIMARY BENEFICIARIES PRIMARY BENEFICIARIES PRIMARY BENEEICIARIES
BENEFICIARIES] Developers - Local utilities Local utilities - Reliability Regional utilities « System operators Ty N Ty

Consultants coordinators - Consultants Reliability coordinators Reliability coordinators
TIMELINE I Y . >

Near-Term Near-Term Medium-Term Long-Term
(1-3 Years) (2—4 Years) (57 Years) (~10 Years)

Integrate — Plan — Asgsist Operations — Enable Real-Time Decisions
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Integration Tool: Current Year Effort (Generation-1)

Stability Control . Model . .
assessment design el SR verification Vi P
' Workflow
| API Manager (Data,
Process)
® |
RE-INTEGRATE |
, Process Overview
Grid data ..
(raw, dyr) RE-INTEGRATE e Load model submission

Model verification

Integration of load model with grid
Contingency analysis
Visualization

Load dat . .
o Current Focus: Integration tool generation-1 software

capability demonstrated on example use cases with plug-
n-play data, models, and solvers (limited)
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Large Load Integration Process

@

............

Large Load Model
Fault, Stability*, SSO*, etc. Report

-
Studies L* vz
: Y =
— N
il Mitigation Js
*

vy = MQT: Model Quality Test
Report RT: Ride-Through
SSO: Sub-synchronous Oscillation
*SS0/Stability/Mitigation: Under R&D

v0.1 MQT, RT, and integration tool to be demonstrated on Wednesday (08/19)
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Integration Tool: Needs

* Input Data Structures & Models — large load models,
generation plant models, model quality needs, ride-through
needs, commonly used data structures, common
benchmarks

« Solvers — structure-aware solvers, solver intelligence,
approximate solvers, performance characterization and
optimization, integrators and characteristics enhancement —
focus on speed-up

» Features — grid strength, control design, chatbot-assisted
iInterpretation, visualization, contingency selection, event
detection

% U.S. DEPARTMENT | Office of
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Models

e B [

Advanced Large Load Benchmark Models for
Component Models Large Load Integration




Models & Input Data Structures
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Models: Challenges, Roadmap, & Ongoing Work

Some of the challenges (models)
« No standard models are available or no guidelines on model usage (and no models in some cases)
« No standard benchmark models to evaluate EMT solvers and/or post-processing (features) capabilities
« Simulation is not portable — not transferable

« Translating reliability to EMT simulation studies (e.g., PRC-029 standard) — how to do it?

Roadmap: Models

Timeline Activities
2 years Standardized model architecture & performance
3 years Repository of models (components, benchmarks)
3 years Automated benchmarking capability and identification of misrepresentation of
parameters

Goal: Input data structure and models that help with portability, standardization, details, and ease of usage

42 U.S. DEPARTMENT | Office of
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Input Data Structures

RE-I NTEG RATE DATA — MODELS — SIMULATION — RESULTS

Input Data Flow for High-Fidelity EMT Simulation

FAU JSON N { } JSON schema  ___

Common structure

01 DATA FORMATS 02 PARSE & MAP 03 UNIFIED MODEK AUTOMATE 05 SIMULATE & SHARE
Power-system source files Format-specific readers . .
Modellng & Automation
Ready for EMT studies
-+ RAW Parser
UNIFIED
DATA
RAW DYR - DYR Parser
-+ DSs Parser —’
- ~  — BUILD CONVERT STUDY
ot P models models SCenarios
I—’ XML Parser —> I/j Results
Dss XML Waveforms = Events - Data

' network JSON = Binary = Libraries

-+ Fault Parser models

AUTOMATED FLOW * *
[ ]
|
A {1 g
LU ) i

1
1

 Emg  Emg @ cul <!> AP
A =il study Visualize Connect

COMMON DATA FOUNDATION STORAGE JSON SCHEMA SERVICES

Storage - Shared schema - Model services models & resulis common structure automation & integration

Three new data structures created for real-world cases
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Models: Performance
* Model Quality Test:

 Component Parameter Test

* Functional Tests
« Flat start
« Small voltage disturbance
 Phase jump angle

* Grid strength

* Ride-through Test
« \oltage ride-through

* Frequence ride-through
The process is fully automated, and the user

can change the ride-through curve, MQT
needs.

U.S. DEPARTMENT | Office of
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in RE-INTEGRATE EMT Simulation Platform

"Ride-through” :

"Woltage ride through® :

ection/profile LVRT.txt",
ction/profile HVRT.txt"

"profile” : [

input_files
/ nput_files/

1
"Frequency ride through” :

"profile™ : ["/host/input_files/Interconnection/profile HzUP.txt"]

Implement Model Quality Testing
Running Model Quality Testing

Please wait...

N

HVRT Test Profile




Models: Components & Sub-Systems

Backup
Generator,

Back to back converter

BNNAN

Cooling load: Variable speed drive (VFD)
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/MV Data Cent
ITload PSU
—1 (Boost
== PFC,
cee |23 DC-DC
== — convert
== er
ITload PSU
—1 (Boost
== PEC,
cee (=T DC-DC
=== [ convert
== er
Backup
Generator,
L) ° .
L) ° .
.
LV/MV Back to back converter LV/MV
oo Induction .
S M.L
Cooling load: Variable speed drive (VFD)
iLde

0045

Total of 100+ components present in RE-

INTEGRATE library: traditional generators,

inverters




Models: Benchmarks

Bus 2 Bus 7 Bus 8 Bus 9 Bus 3
Data
C : ‘ :ZZ: Center
Generator 2 | ‘ Generator 3
,\,_ Inverter 1
Load 8
Bus 3 Bus 6 Bus 10
Load 5
Bus 4
| ’\’_ Inverter 2

Bus11

Bus 1

Generator 1

IEEE 9-bus with Large Loads

Small

Small

Medium

Medium

Large

IEEE 9-bus
(WECC)

IEEE 39-
bus
(New
England)

240-bus
Reduced
WECC

Texas
2000-bus
synthetic

70k-bus El
synthetic

Three new benchmark scenarios created in small use case

U.S. DEPARTMENT | Office of
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3 generators, 9 buses, 3
loads, 6 lines, and 3
transformers

10 machines, 19 loads, 34
lines, and 12 transformers

109 machines, 37 renewable.
329 lines, 122 transformers,
139 loads

2751 buses, 1099 generators,
1351 transformers, 2993 lines,
1410 loads (86 GW)

10390 generators, 38181
loads (595 GW), 71353 lines,
10554 transformers, 2100 3-
winding transformers

In collaboration with Pacific Northwest National Laboratory




Solvers
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Solvers: Challenges, Roadmap, & Ongoing Work

Some of the challenges (solvers)
« Slow nature of simulations

 Limited scalability feasible with simulations
Roadmap: Solvers in RE-INTEGRATE

Timeline Activities

2 years e Structure-aware solvers with intelligence.

e |ImEx integrators and detection capabilities.

e Preliminarily showcase plug-and-play capability and scalability — GPU usage.
3-5years o Mixed-precision solvers and integrators with various special properties of DAEs.

e Confirmatory plug-n-play capability with latest solver/integrator capabilities.
10 years e Enable near—real-time simulation of tens of million-node grids and millions of inverters.

e Deploy trustworthy Al-assisted EMT simulations with robust validation.

Goal: Integrators and solvers that help with near-real-time simulation for 10 millions of power grid with millions of
inverters

R U.S. DEPARTMENT | Office of
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Solvers: Structure-Aware & Intelligence

RCM for

General Preprocessing
BD Matrix
Solver
0 0
s GCN for Selection Au x; b,
parse . .
attern BTD Reorderin é Linear Solver .
Matrix A 5 . g BTD Matrix
Detection .
0 A5, 0 X5 _ b,
L] »
L 3 ...0
A 0 0 A3 X3 b,
Detected as BTD BTD Matrix
BD, BBD,BTD &
Normal .
Matrices ) \ BBD Matrix
Construct Graph Laplacian
& Fiedler Vector ) 7 ?
A 4 l point N'-J |:|
[ Matrix to graph conversion ] p . i LJ_L \_J| I I ||
Generate Block Labels Y'W ’}ain IBR
\4 ~ l o Collector transformer(s)
e ) f ~ o
Apply Constraints &
1 L Permutation ) |
-0 [
Feeder(s

Predicted
Matrix Class

Matrix Structures _ o
In collaboration with Florida International University

Recovered BTD
Structure

Intelligence
Up to 12x speed-up observed
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Solvers: Plug-n-Play

Iterative Solvers

KLU (Circuit-Optimized Direct) 22.330 1 4.478 x 1077
GMRES (Left Preconditioned) 10.086 2.2 4.478 x 1077
GMRES (Right Preconditioned) 5.352 4 4.478 x 1077
BiCGSTAB (Right Preconditioned) 4.198 5 4.478 x 1077

In collaboration with Arizona State University, Purdue
University, Lawrence Berkeley National Laboratory

Plug-n-play capability observed

- ® U.S. DEPARTMENT | Office of
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Features
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Features: Challenges, Roadmap, & Ongoing Work

Some of the challenges (features)
« Difficulty with processing tremendous amount of data from simulations

« Difficulty with using the existing simulators with limited support tools

Roadmap: Features in RE-INTEGRATE/Applications
Timeline Activities
2 years e Screening methods to identify weak grids
e Control design
e Automated EMT report generation

3 years e Data-driven methods to directly quantify instabilities
e Geospatial visualization
e Automated contingency selection

5 years e Automated model diagnostics
e Automated linear/nonlinear model identification
e Generative Al-driven EMT scenario generation

10 years e Generative Al-driven EMT simulation — automated workflows with chatbox
¢ |Implementation of standardized interfaces for EMT simulators

Goal: Enhance ease of usage using tools, automation, and foundational capabilities needed

R U.S. DEPARTMENT | Office of
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New grid strength metrics evaluated for dynamics in the

system

@ well-known scc

Ranks buses using steady-state
network strength and component capacity.

1) BusA I
2) BusB I
3) BusCc NN

BusN [N

Useful baseline

=

e Limitation for Dynamic Loads

SCC-based ranking may not match actual
post-disturbance voltage behavior.

Time (s)
Criteria can be asymmetric

Short Term voltage performance index

1) Voltage Performance (STVPI)

How well does the voltage waveformrecover
compared with the desiredperformance?
Voltag1e'2 — — Ideal (reference)
(pu) 10

08

Captures:
» Dip depth
» Recovery quality
» Over/undervoltage
severity
= Waveform deviation

06

04

0 0.5 1.5 20

T|n1w'g(s)

[ Quantifies voltage performance degradation.

* STPSI: Short term voltage stability index
* STVTI: tripping caused by short term voltage behavior

New grid strength metric worked on

U.S. DEPARTMENT | Office of
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Features: Grid Strength Metrics Post-Processing (Screening)

e Proposed Criteria-Aware Assessment

Evaluates performance relative to

] 5
Bus Contingency
ranking ranking

Root-cause
identification

predefined voltage criteria.
Control/design
evaluation

~

In collaboration with lowa State University



Features: Control Design for EMT

New control design processes under exploration with
preliminary benefits observed

Get operating point and parameter
values (not automated, directly
obtained from EMT simulation)

DC link voltage
T T T

User input: control . ) el
> Calculate dynamic phasors
parameters to be tuned
User input: desired Sweep user-defined control r
maximum settling time of > parameters to plot

a” mOdeS the root IOCUS 0973, 02 04 06 o8 tim‘le.s 2 14 16 1s

|

Designed values

In collaboration with PSU
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Features: LLM-Assisted Post-Processing (Analytics)

Automated assist for understanding simulations
Selective

Metadata . Feature
streaming
Parser Extractor
Loader
Dip depth, Query engine,
Avoid loading large data sets settling, automated
oscillations, plots, report

— EMT — k=1 DP

— k=2 DP
1.4

0.6

-1 0.4

0.2

0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0

Feature extra(;?ft;n (sample)

R U.S. DEPARTMENT | Office of
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Features: Contingency Selection

TODAY - BRUTE FORCE PROPOSED - SELECT, THEN SIMULATE

Many failures, little data ® Contingency selection

Rank every candidate cheaply. Keep the few above
the cut-off severity.

Inefficient analysis ‘ ® Focused analysis

EMT spends most of its time on benign cases. Full EMT only where it changes the answer.

A large candidate set, sparsely labelled.

Slower decisions ® Reliability, sooner

The severe cases arrive first, with a defensible
reason.

Severe cases surface late, or not at all.

Reduced set of simulations to evaluate contingency on

U.S. DEPARTMENT | Office of
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Applications — Integration Tool: Generation-0.1

Interconnection Study Results

Interconnection Tool RE-INTEGRATE EMT Simulation Platform
RE-INTEGRATE EMT Simulation Platform

Tl

The parameter 'IBLConverterGroup:IBLConverter:IBL_hardware:R2ac_Ohm' has been
verified.

The parameter 'IBLConverterGroup:IBLConverter:IBL_software:Kp_Q' has been verified.

Instantaneous Total Power: P and Q

RE-INTEGRATE

E M T S I M UL ATOR

No Study Select
— plt) (MW]
qQ(t) [Mvar)
1 Model Quality Testing O ° —_—
2 Ride Through Testing O Instantaneous Frequency
o — Frequency (Ha
3 Interconnection Study O

60.008

60.006

60.004

Frequency (Hz)

60.002

0000{ M
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Education & Workforce Development
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Education & Workforce Development: Challenges,
Roadmap, & Ongoing Work

« Some of the challenges (education & workforce development)

« Limited understanding of usage of EMT simulations — what applications are of interest and what are
the requirements and processes that are needed?

Roadmap: Training

Timeline Activities
<2 years Create metrics that define progress in skills in EMT.
Develop course modules on basics and fundamentals of EMT.
Create a repository of resources using open-source tools.
Organize panels and webinars across various communities (power grid, applied mathematics, computing).
Develop course modules on applications and advanced features of EMT.
Develop examples and test systems using open-source tools.
Develop and offer new courses on EMT at undergraduate and graduate levels.
Develop and offer tutorials on theory and open-source tools.
Develop training resources for continuous learning.

5 years

10 years

Goal: Educate, train, and create next-generation workforce working with academia and training institutes

Ongoing: Workshops, webinars, trainings, panels, symposiums, tutorials
Events: https://events.ornl.gov/emt-simulations/

®\ U.S. DEPARTMENT | Office of
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https://events.ornl.gov/emt-simulations/
https://events.ornl.gov/emt-simulations/
https://events.ornl.gov/emt-simulations/

Next Steps
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EMT Initiative: Next Steps

Stability Control : Model -
assessment design Grid strength verification Visualization
' Workflow
| API Manager (Data,
Process)

ORI I @:___

RE-INTEGRATE

Process Overview

e Load model submission

* Model verification

* Integration of load model with grid
« Contingency analysis
 Visualization

Grid data

(raw, dyr) RE-INTEGRATE

Load data
(dss, xml)

Real-world use cases and further features & solvers R&D

U.S. DEPARTMENT | Office of

of ENERGY | Electricity




EMT Initiative: Next Steps

: : |
ImpaCt * 1 speed interconnection studies 1 _rett urn ?n cagléalt ¢ I retull‘;nlon capgil * | capital expenditure
process (~10 X)) T Integration of data centers | capital expenditure * 10 X reduction in reliability events

arger System Studies)
* Predictive mitigation of events
* 10 X reduction in reliability events

se Lases

* HVDC plannin
(Not an exhaustive g J

Manufacturing integration . .
» Transmission planning

tudies) . . arger Interconnection
Data center integration (Regional Studies) Studies)
* Automated post-event

list) Crypto-currency mining .« EACTS analysis * Real-time state estimator and dynamic
Generation interconnection » Detection of events stability analysis
Near-Term (1-3 Years) Medium-Term (5-7 Years)
Timelines ® O ()
Near-Term (2—-4 Years) Long-Term (~10 Years)
. Developers, local utilities, Local utilities, reliability egional ut|I|t_|es_, S ystem Large system operators, utilities,
Beneficiaries . operators, reliability O :

consultants coordinators, consultants coordinators reliability coordinators

A lot of work is left in R&D of all the applications!!

U.S. DEPARTMENT | Office of

of ENERGY | Electricity




Acknowledgement

The authors thank U.S. Department of Energy (DOE)
Office of Electricity (OE) for their invaluable guidance
and kind support in this work!

Questions? debnaths@ornl.gov

Legal Disclaimer: This report was prepared as an account of work sponsored by an agency of the United States Government. Neither the United States Government nor any agency thereof, nor any of their employees, makes any warranty, express or
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specific commercial product, process, or service by trade name, trademark, manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recommendation, or favoring by the United States Government or any agency thereof. The

views and opinions of authors expressed herein do not necessarily state or reflect those of the United States Government or any agency thereof.

Events: htips://events.ornl.gov/emt-simulations/
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Applications: Challenges, Roadmap, & Ongoing Work

Challenge: Limited understanding of usage of EMT simulations — what applications are of interest?
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Current focus
Goal: R&D on applications and support models, input data, solvers, features needed
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Input Data Structures

RE-INTEGRATE
Input Data Structure

Multiple data formats and sources are

needed for high-fidelity EMT

simulations.

* Raw: Connectivity, branch,
transformer

» Dyr: Generator dynamics

« Dss: Distribution (within generation or
load)

«  Xml: Power electronics data
« Json: Common data architecture

» Fau: Fault data

o U.S. DEPARTMENT | Office of
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