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Explore EPRI's research across the Nuclear,
Generation, and Energy Delivery and Customer
Solutions sectors ranging from decarbonization to grid
modernization to low carbon resources.

EPRI’s collaborative platform is unrivaled. Our
R&D:

Leverages your research dollars

Connects you to a global network of peers
Accelerates deployment of technology
Mitigates the risk and uncertainty of going it
alone

Positions you as a leader in addressing
industrywide challenges

e EXPERTISE

. For more than 50 years, EPRI has been

applying R&D to help solve real challenges.

With EPRI, you can:

* Reduce expenses and increase productivity

* Be more resilient today and better
prepared for tomorrow

* Access an industry repository of collective
experiences, technical expertise, and
training resources

* Extend your staff and make your teams
more robust and more confident

* Benchmark, learn and share best practices

Wi $450M
- ™ Annudl

Global
R&D

* Increase your awareness of challenges that
others are facing and alternate solutions to
challenges you might be facing

* Save time and money troubleshooting
problems EPRI and its stakeholders have
seen before

EPRI’s independent research is guided by our
mission to benefit the public. We offer:

* Objective solutions

* A proven track record

* Scientifically based research you can trust

°
Who We Are = Our Experts
Founded in 1972, the Electric Power Research Institute (EPRI) is the EPRI’s trusted experts collaborate with more than 450 companies in
world's preeminent independent, non-profit energy researchand | 45 countries, driving innovation to ensure the public has clean, safe,

development organization, with offices around the world.  ® reliable, affordable, and equitable access to electricity across the globe.
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Transmission Operations : Challenges and Opportunities

Control Center Transmission Resilient
Operational Utilization and Operations
Readiness Control

« Use of new technology in « Optimal operation of different « Utilizihg emerging technologies

operations ( VR, LLM) power flow control device in Blackstart/Restoration
 Managing IBRs in RT « Voltage and Reactive Power  « Improve situational awareness

Optimization
« Advanced operator training « Robust confrol center tools
« De-cenftralized Control and applications

Leveraging Al, PMUs and Optimization Methods across all areas
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CROF Framework

Data and Modelling

Centralised network modelling capability and resources, to EMT level, sharing
across boundaries. Towards a digital twin of the transmission network using
continuous validation with high-speed recording devices. Structured operational
data.

Operational Technology Applications
Agile, modular, interoperable solutions, continuous development
within a common framework. Leveraging secure use of high-
performance computing for simulation and Al.

Realising the CROF
Vision

Process Automation and Al

o o S e . . Use of voice to automate manual data entry and knowledge
This is an ambitious vision, retrieval. Leveraging safe, validated Al and LLMs for sense

requiring research and co- making and decision support.
development between system
operators, industrial vendors

and research and academia Human Factors Decision Making

__________ Operators as forecasters, proactively assessing and mitigating risk.
Streamlined training solutions. Visual and sound design supporting
how operators make sense and make decisions. Integrated
visualisations and HMI.

Facilities, Equipment and Technology

Ergonomic desk design supporting operator wellness. Display design supporting
levelised situational awareness and collaboration. Modular functional spaces.

Operational readiness centers replacing simulators.
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EPRI Control Room of the Future Vision

Monitoring

Data Hub Assets and Infrastructure
Centralisation \{ . g T m
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Alarms  Schedules State Trends Outages
Estimation

Real Time Assessment & Visualisation
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Concept —Can Al be Safely Used with Transmission Alarm
and Operational Data

EPRI alLLarMa
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High woltage Transmisson 400kW andfor 275kW
FventTimaStamp SCADA _Category TOC AOR Priority Code Substation  DeviceType Device event_message
01/05/20700:00 MH THS TOCMSDOC 3Substationt317 STN  STASERVICE  Substation1317 TN STA_SERVICE ACSERY VOLTAGE NORVIAL CHG-DET
0105720170000 ML TS TOCPS 4 Substationt265 BLKCAR  STUTR PRLUPLC  Substation 265 BLKCARSTUTR PRL UPLC CARRIER LEVEL LOW CHG-DET
01/05/20700:00 MH TS TOCP 3 Substation1459 BLACAR  Devicedss Substation 1459 BLKCAR Device85 CARRIER LEVELLOW CHG-DET . .
. . . . Power Generator Transformer
(1/05/2017.00:00 MH TS TOCP 3 Substation14s9 BLACAR  Devicess Substation 1459 BLKCAR Device285 SIGNAL RECEIVED NORMAL CHG-DET Generaltion Transformer o
i i ) Lower voltage Distribution g0y
01/05/20700:00 MH THS TOCGR 3 Substation275 FRORT  ABAR X 3L Substation275 FIBOPT DevicedST6 PRI£2 ORTIC/CH NCRMAL CHG-DET
01/05/20700:00 MH TS TOCBM ISubstation?49 RELAY 1372 SHALIL  Substation73RELAY 137 P2 SELALAL RELAY FAILURE NORMAL CHG-DET MR 33k N |
01/05/20700:00 MH THS TOCBM I Substation256 RELAY 1532 SELAZIAI3  Substation2S6 RELAY 1532 SELAI13 SYSTEN NCRMAL CHG-DFT I W T %—H 1—,;—;;&
01/05/20700:00 MH TS TOCPA 3Substationt13 RELAY 1518 SELAI1 P2 Substation113 RELAY 513 SELA1 P2 RELAY FAILURE NORMAL CHG-DET =K I ' Transformer
01/05/20700:00 MH THS TOCPA 3 Substationds0 RELAY  L461 Substationds0 RELAY L45L BXUR SYSTEM FAIL NORMAL CHG-DET Smai230Y )
mall commercial Light Industry Heawvy Industry
(1/05/201706:00 ML TS TOCED A5ubstation?32 BLKCAR  Devicegd Substtion 232 BLKCAR Deice689 SIGNAL RECEIVED NORMIAL CHG-DET and residential medium Factories Large Factoriés
01/05/20700:00 MH THS TOCGR I Substation1322 RELAY  Deviceld Substation 1322 RELAY Device1492 L PRIVIARY RELAY NORMAL CHG-DET

e EE}§P§P§P§B§P§B§Bb}bkH} i L b b b i bbbbhbEhT} Electical Power Transmission system
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Challenges to the alLarMa Concept
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Lack of Transmission Ops Context —

e Alarm text is semi-structured.
e Standard LLMs don’t recognise words and text acronyms,
e Different network data: Solution not generalizable

Lack of Network Context —

e The alarm text is separate from network model
» Asset data, protection, network, weather, outages also important

Hallucination —

e For high reliability organisations — cannot afford nonsense answers to important questions
* Need references to answers and an ability to verify

Security —

® Open weight LLMs are good but limited in capability.
e Cannot transfer network data to train frontier models

2024 Electric Power Research Institute, Inc. All rights reserved.
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How We Built alLarMa

Traditional Database Approach

Multiple disperse operational databases

Complex queries required to relate data

EH
EH
EH
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aLLarMa Knowledge Graph

All data built into a single, large graph
model, which is queryable by an LLM
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High-Level Architecture of alLarMa

Network Alarms Archive
~
}' 1 g L
LLM Converts Prompt to Operator question in
‘ Database Query Based on aLLarMa dashboard

Context of the Question

Query of the Natural Language
Graph i =

Prompt input to LLM

—Tr

LLM Response and

Extracted information Graph Update
from Graph
LLM converts the results Instantaneous text
of the query into a response with tables,
concise readable format graphics
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Early Stage alLarMa Online - Viewing Chattering Alarms

a = a s Chat
a2
T -
g a
I a i
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= a RESULTS
a a a # a Substation Name Device Name Device Type EventMsg Event”
i SUBSTATION_TIGRIS_TYPE, SS_TIGRIS, RELAY TMay z
SUBSTATION_TIGRIS_TYPE SS_TIGRIS ). RELAY Thday 2
= e SUBSTATION_YANGTZE_TY? LN RRIER Thay z
a = n T
=" = SUBSTATION_YANGTZE_TYPE. LN F F Thday 2
SUBSTATION_TIGRIE_TYPE. E5_TIGRIS_SWI STE Thay 2
a
. a SUBSTATION_TIGRIE_TYPE ES_TIGRIS. ). Thiay 2
a2 pLy SUBSTATION_TIGRIS_TYPE, S5_TIGRIS, Bl Thday 2
SUBSTATION_TIGRIS_TYPE SS_TIGRIS ). z g Thday 2
" + 2 4 »
i it
a i
a
EXPLANATION v
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The query results indicate that there have been multiple chattering events related to diagnostic
a [ statuses in the last two hours, specifically on May 1, 2017. These events are primarily associated
with two substations: SUBSTATION_TIGRIS_TYPE_1_SEand

SUBSTATION_YANGT ZE_TYPE_6_METB. The majority of the events (six out of eight) are linked
to the device S5_TIGRIS_SWD_1_3_1, a relay device at the Tigris substation, with event
messages labeled as "SYSTEM.” The remaining two events are associated with the LINE_29
device at the Yangtze substation, with event messages labeled as "CARRIER.” The chattering
events are characterized by a high number of status changes within a short period, indicating
potential configuration or measurement issues rather than direct electrical faults. For instance,
] the number of status changes ranges from 7 to 10 across the events, suggesting rapid toggling
of alarms. This pattern is consistent with the typical behavior of chattering alarms, which can
lead to operational challenges such as operator fatigue and cluttered alarm systems. Addressing
these issues would involve adjusting alarm thresholds, introducing hysteresis, and possibly
conducting a root cause analysis to prevent future occurrences. Overall, while these events do
5§ not pose animmediate physical risk. they highlight the need for system adjustments to maintain
effective monitoring and safe operations.
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= # Attach ilh Voice Message 2 Prompts

....Coming Soon to allarma.epri.com
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Oscillation Detection, Monitoring and Mitigation using
PMUs



NERC Recommended Practices & Mitigation Measures

= Three-phase, five-step approach to mitigate forced oscillations

= Source location and source type estimation are critical for system operators

to mitigate forced oscillations

e Step 2: Determine Oscillation
Frequency and Magnitude

e Step 3: Determine Extent of
Oscillation

Phase Il: Characterizing
Oscillation

Source: NERC Reliability Guideline: Forced Oscillation
Monitoring & Mitigation Sept. 2017

13 © 2025 Electric Power Research Institute, Inc. All rights reserved.

Phase lll: Identifying
Oscillation

Step 4: Determine Location or
General Proximity of Oscillation

Step 5: Determine Specific System
Component Causing Oscillation
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Forced Oscillation Localization Tool (FOLT)

Wide-band frequency oscillations (< 0.1 Hz to 15 Hz)\

Three different methods for oscillation source location
— Dissipating Potential method

— Oscillation Magnitude method

— Oscillation Mode Angle method

Source location estimation with confidence index

Source type estimation: Active or reactive power control
issue

Inside/outside territory identification
— Usually for interconnection wide forced oscillations
Does not rely on system topology
Does not require full grid PMU observability
Online version implemented using OpenPDC

Testing and validation of the tool done using actual events and utility systems

£Fd Forced Oscillation Localization Tool - v3.0

About

e r=J1'T

Forced Oscillation
Localization Tool

Step 1: Input Data Selection

Input Data: Voltage Data Only o
Voltage Ang C \Users\plzh002\Desktop \for
Vokage Mag: [C:\Users\plzh002\Desktop for
Frequency: [C:\Users\plzh002\Deskiop Yo |
Current Ang

Current Mag

Data Rate: 30 frame/second N

Transformer
& Line Data

LocationType: ' Latitudedlongitude
PMU Location:|C:\Users\plzh002\Desktop \for
Power Grid WECC i

Clear Data

Step 2: Settings & Source Location

Dissipating Potential Weight (0.3 7‘
Oscillation Magnitude Weight (0.02 ‘
[ Mode Angle Weight (008 |

Analysis Window Start (s):  |1000

(relative to data window starting point)
Analysis Window Length (s): [1100 ]

Speciiy oscillation frequency range
From [0.1 | Hzto [0:4 Hz

Estimate Source Location

Step 3: Source Type Estimation
|15

Estimate Source Type

Source Bus Number:

Clear All

© 2025 Electric Power Research Institute, Inc. All rights reserved.

Loaded Measurement Results

Forced Oscillation Source Location Result:
Dominant Frequency: 0.250 Hz
#1 Most Likely Source: ID = 15, Score = 93.1%

->Confidence Index of Dissipating Potential: 100.0%;
->Confidence Index of Oscillation Magnitude: 99.77

->Confidence Index of Osciltion Mode Angle- 13.5%

#2 Most Likely Source: ID = 16, Score = 91.5%
->Confidence Index of Dissipating Potential: 98.3%;
->Confidence Index of Oscillation Magnitude: 98.5%

->Confidence Index of Oscillation Mode Angle: 13.4%

#3 Most Likely Source: ID = 17, Score = 90.2%
->Confidence Index of Dissipating Potential: 96.8%;

ce

The estimated source bus #15 is inside of the footprint.

Source Type Estimation Result:

idence Index of Oscillation Magnitude: 100.0%;
Index of Oscillation Mode Angle: 13.5%

**** Waming: The estimated / specified source bus is NOT a generator bus. ****

The estimated type of the oscillation source < GOVERNOR >>
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FOLT : Use Cases

Utility #1
SSO Event

MH M‘I m“l'"”"llml MI Mll ‘M|IW'WII

* Source: Data center

* Oscillation observed by
PMUs in 5 substations

e~ 11 Hz, “5% damping
ratio

* Reinitiated every ~1s

Utility #2
BESS-Induced Forced
Oscillation Events

g EnergytPotentia)of Forced Oscilation
4T15,12.00 [Oxcilation frequeney 12 0.2 1Hz]

* PMU data for 09/20/2023
(0.21 Hz) and 11/03/2023
(0.25 Hz) events

 Source: Hybrid plants (PV
with BESS)

© 2025 Electric Power Research Institute, Inc. All rights reserved.

Utility #3
Load-Induced Forced
Oscillations

 3-7Hz oscillations

* Source: Synchronous
motors driving
reciprocating compressors




Mitigation of Natural Oscillations : Wide Area Oscillations Damping

Control TERNA Field Deployment

7 —

..4‘

Time Server

=
Control center i - Coritaot Comemand Router
_ (C37.118)
( - Eio:gnce ) e
=N GPS -
 |@enPDC spenHistorian ) Analoédi]tptgt Control Command
\_ t T v | (4-20mA) l (c37.118)
Bari Synchronouai '
Synchrophasor Naplos \ Condenser #1 )

; ‘Synchrophasor...

Router e . J ,
4 Synchrophasor PMU #2
- (C37.118) (Backup)
palgme i A Input: Frequency of two selected PMUs
catalin = WADC: openHistorian adaptors and Grafana GUI
PN!U ik Actuator: Synchronous condenser(s)

Tunis =" (Primary) S
e s Communication: IEEE C37.118
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Next Generation Grid Monitoring & Control for IBR
Dominated Grids

[107

g o Monitoring

1.04
1.03

1.02
1.01

1.00

0.99
=
0

ﬂ I‘I — Control Area / System Level contr@m

L == }mmm . Hierarchical

: - C‘g‘;:ﬁlr'gfd Decentralized
Control

—

Local Area Controls: Mitigate Centralized Controls: Optimize
disturbance locally & fast grid efficiency (slower outer layer)

Control Room Operations: Human Control = Supervision of Automated Systems
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