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Time series database Inertia estimation Dashboard
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Key Technical Goals:

Interactive dashboard
visualizing system health in
real time, e.g., grid inertia,
IBR related sub-
synchronous oscillations,
and grid strength.

Disturbance event
correlation and curated
datasets for post-event
analysis.

Real-time mitigation
recommendation.

Automated event analysis
and report generation.

ENERGY SOLUTIONS
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Key Technical Approaches:

Cloud-based time-series platform for
ingesting diverse sensor streams and
performing analytics.

Rigorous lab sensor hardware-in-the-
loop prototyping and validation.

Field demonstration on Entergy’s
system.

Unique Perspectives:

Practical, scalable, innovative real-
time solutions with a clear path to
commercialization.

A diverse project team.

Leveraging extensive existing PMU
data from Entergy’s system.

Budget:

Total budget: $5,280,184.
* Federal funds: $3,826,341.
* Cost-share: $1,453,843.
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Overall Project Plan (BP-1, BP-2, BP-3)

BP-1 objective

Complete
development of all
software modules.

2. Determine whether
data analytics
algorithms meet
expected
performance using
simulated or
historical data.

3. Setup43live sensor
streams in the RTDS
lab.

4. Setup PingThings
platform and cloud
environmentin the
test lab.

5. Planfield sensor
deployment.

3 entergy

BP-2 objective

Complete the GOAAT
prototype that
operates with real-
time simulation and

lab hardware sensors

(meeting
performance
targets).

2. Develop adetailed
plan for the BP-3
demonstration and
deploy any
additional hardware
sensors at the
demonstration
utility.

3. Deploy field sensors.

)
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BP-3 objective

Deploy GOAAT at the
demonstration
utility.

2. Operate GOAAT with

live sensor streams.

3. Demonstrate that
GOAAT meets all

performa nce targets.

4. Complete atechno-
economic analysis
for
commercialization.
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Sensor Hardware Lab Setup

Sensor hardware-in-the-loop simulation of the IEEE 14-bus system:
* One generator and three synchronous condensers
* Three IBR plants modeled (one black-box GTSOC model and two generic models).
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Data Flow

Pl\/élé{AP&W/ COMTRADE Azure EventHub Azure Data Explorer Dashboards
'
'
[Loueris ancanayics
Pl\glé{;&w/ COMTRADE Azure EventHub Azure Data Explorer Dashboards
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Azure Event Hubs

loT Data PrOCGSSing in the Cloud
ingestion mapping

Raw tables: PMURaw, POWRaw, SCADARaw

Update policies

Curated tables: PMUMeasurements,
POWData, SCADAData

Materialized views

Materialized views:
PMUs_mv, PMUChannels_mv

Queryable tables

Dashboards and analytics

National
Laboratories
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Data Ingestion and Processing

Data ingestion

Data processing

Real-time
PMU/POW

Data storage
loT hub Cloud data
ingestion
SCADA (DNP3)
Time series Presentation
databases
COMTRADE files Cloud storage Cloud functions Dashboards
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Cloud Estimates - PMU Data Assumptions

Data volume assumptions

Based on current system configuration (39 PMUs at 60 fps):

Metric Value

Data per PMU per second 1.61 KB x 60 frames per second = 96.6 KB/sec
Data per PMU per day 8.35 GB/day

Total data per day (39 PMUs) 325.6 GB/day

Total data per month ~9.77 TB/month

Events per day 39 x 60 x 86,400 = 202.2M events/day

(& conEdison 2) entergy by PANOVO AV2. @ Nooos
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Cloud Costs Estimates - Costs by Service

Note: Costs vary based on actual data volumes, retention policies, and Azure
pricing changes. Use the Azure Pricing Calculator for precise estimates.

PMU event hub data POW event hub device data
Component Calculation Daily Cost Monthly Cost Component Daily Cost Monthly Cost
Throughput units 4 TUs x $0.03/hour x 24h $2.88 $86 POW data (1 device) ) ~$150
Eventingress 202.2M events x $0.028/M $5.66 $170 . .
ADX time series database

Data ingress 325.6 GB x $0.10/GB $32.56 $977
VY T — $41.10 §1,233 Component Calculation Monthly Cost

Compute (E4ads_v5, 2 nodes) $24/day x 30 $720

s Storage (9.77 TB ingested) ~$0.10/GB ~$977
Other services

ADX Total ~$1,700

Service SKU Monthly Cost .
Total estimated monthly cost

PostgreSQL B_Standard Blms ~$25
App service Bl ~$13 Category Monthly Cost
Storage account Standard LRS ~$5 Event hub (PMU + POW) ~$1,383
Functions Consumption ~S$0 (pay per use) ADX (compute + storage) ~$1,700
ACR Basic ) Other Services ~$48
Other Total ~$48 Grand Total ~$3,131/month

@ conEdison
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https://azure.microsoft.com/pricing/calculator/

Data Analytics Ul / UX
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Graphical, Geospatial, and Tabular Visualizations

22 Synchronized Event Analysis & Overview |~ PMU Analytics CADA KPI

[
@
PN

A cloud-based web application
for analyzing PMU (phasor

@ Overview

|~ PMU Analytics

measurement unit), SCADA, IZ Time Domain
PoW, and COMTRADE data © Phase Angle Delta
stored in Azure Data Explorer “lr Frequency Domain

898 Voltage Contour Map

(Kusto) time-series databases.

4 POW Analytics

© Time Domain

I1r Frequency Domain
@ Event Analytics

i= Events

arm
B COMTRADE Files

Q Root Cause m

S SCADA

Q KpPI
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22 Synchronized Event Analysis & Overview |~ PMU Analytics &
oo PMU Time Domain Analysis

e PMU Analytics "
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Unified Event View, SCADA, and
Voltage Contour Maps

2 Synchronized Event Analysis ~ # Overview |~ Pl

= Voltage Contour Map
@ overview
i ¥ Per-Unit Voltage Colored Contour Map
© Phase Angle Deta
“Ir Froquency Domain

#91 Voltage Contour Map.

4 POW Analytics:

@ Event Analytics
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e

nalytics £ SCADA @& KPI

SUB14.035B.02P

V1 Magnitude:
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Per-Unit:

© Point: BI_008_SUB_03_138_02P_BKR

Basic Information

Signal ID

Device
Description
Point Tag

Signal
Reference

7380007f-bb43-44ea-a21f-
8ebb02f0bdef

RTACDNP

BI_008_SUB_03_138_02P_BKR
BI_008_SUB_03_138_02P_BKR
BI_008_SUB_03_138_02P_BKR

Source PPA

Timestamps
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(UTC)
21,261 kV . .
3KV Received Time
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Metadata
Updated (UTC)

Flags Interpretation

2025-12-04 19:10:15

2025-12-04 19:10:15

2025-07-25 04:00:58

Values and Metadata
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Adjusted Value
Signal Type

Signal Type
Category

Is Analog
Is Digital
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Adder
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Flags

1.0
1.0
DIGI

other

False
False

False

|2 Synchronized Event Analysis
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Q root cause (EZE)
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Unified Event View
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B8 Line Phase Angle Heatmap

Grafana Charting and
Phase-Angle Heatmap

89 Grid Insights / PMU Dashboard vr «3
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Data vs. Information

Source: Mike Legatt, “Visualization, Situational Awareness, and Cyber-Physical
Resilience in Real-Time Electric Power Operations,” HTF55 Technical Presentation on
Cyber Physical Assessment for Grid Resilience, 2025.
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Situational Awareness?

Source: Mike Legatt, “Visualization, Situational Awareness, and Cyber-Physical
Resilience in Real-Time Electric Power Operations,” HTF55 Technical Presentation on
Cyber Physical Assessment for Grid Resilience, 2025.

AT Sandia
= DANOVO .
ENERGY SOLUTIONS N I
2) entergy Y - laboratares

ANY




HOP instead of HPI

® HPI— Human Performance

@ conEdison 3 entergy

Improvement is a structured .= ol Performance is a newer evolution

approach focused on: that recognizes:

Reducing human error * Humans are not the problem — they are the

Emphasizing procedures, checklists, and solution in complex systems

compliance controls * Errors are symptoms of system design,

Performing root-cause analysis after events not justindividual mistakes

* Focuson learning, adaptability, and real-

Applying individual performance tools
world operational conditions

(self-checking, peer checks, three-way
communication). * Design systems that remain resilient under

real-time operational pressure.
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National
Laboratories

@UANTA SERVICES COMPANY



Data Analytics
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Applications and Use Cases
(Presented at NASPI September 2025)

v PMU-based event detection and classification

v Online inertia estimation using PMU measurements
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Applications and Use Cases

v'Sub-synchronous oscillation v PoW-based event detection v' PMU-based event detection
(SSO) detection and source and classification and classification
location v Online grid strength v Online inertia estimation

estimation (IBR aware)

v’ Deep event analysis and
automated reporting
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PoW-based Event Detection and Classification

Input - PoW data Event detection Event classification

@.a’— ::
@

[l
FOWO
(AN

Data processing Gen Al model Classifier model

Event report

The proposed framework is a two-stage framework:
1. Event detection: Generative Al-based convolutional autoencoder.

2. Event classification: Random Forest classifier.

. Sandi
(& conEdison 2) entergy kS DANOVO Sl @ Natoral

Laboratories



PoW-based Event Detection and Classification

Model details Input

* PoW waveform data represented as time-
series signals.

Model

» Encoder extracts features and generates
latent representations.

Channel

u
wise Tempqral . Z Decoder
. attention
attention

* Latentvectorzis used by the decoder to
reconstruct the input waveform.

Output

* Reconstructed waveform is used to
identify abnormal PoW events.

Evaluation

* Reconstruction error, quantified using
Mean Square mean squared error (MSE), is used for
Error (MSE) event detection.

S PANOVO SV, 2 ()

Laboratories
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PoW-based Event Detection and Classification

HV side MV side LV side

HEL) (35 kv) (X E.i-g_
it JImE JmiE 3

Modified IEEE 14 @ . ‘) BR model )
bus system

Vendor-specific IBR model
simulated using GTSOC

LI |
s |
SEL-735

PoW device SEL-5705 SynchroWAVe reports
processed on a local computer

* Simulation platform: RTDS.

* Test system: Modified IEEE 14-bus network with three IBRs, including two vendor-specific models.
* Thevendor modelis realized in RTDS via GTSOC.

* The SEL-735 PoW device is located at the 35 kV bus.
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PoW-based Event Detection and Classification

Event in time domain Event overview

Voltage Wavefprms

Conv1D+Attn AE — Per-channel reconstruction error

EEE non_event
event

mean recon error
o o o
= o I
o w o

o
o
o

=4
o
=3

Event
WindOW Conv1D+Attention AE — Raw Scatter

° event
non_event

latent_norm

03 0.4 0.5
recon_error (L1)

Input and reconstructed waveform
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Event Type: Faults

The event exhibits
approximately 25x higher
reconstruction error across
all six channels compared
to normal operation.
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Event Type: IBR Set-Point Change

PoW-based Event Detection and Classification

Event in time domain Event overview

Conv1D+Attn AE — Per-channel reconstruction error

0.351 mmm non_event

e
w
=]

High reconstruction error
is observed in current
channels as expected.

o
N
n

.
g
7]
c
=]
S
19
©
o
E

Event
window

Input and reconstructed waveform
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Event Type: Oscillations

PoW-based Event Detection and Classification

Event in time domain Event overview

Voitage Wavliforms Conv1D+Attn AE — Per-channel reconstruction error

0 A |

AR A

B non_event
event

Distinguishable error is
seen across all six
channels.
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Online Grid Strength Estimation

Grid strength estimation results across buses, where each dot represents the estimated SCC at a given bus for a specific second.

20 30 40 30 40
Batch of samples Batch of samples

* Voltage and current measurements are collected at

multiple buses in the IEEE-24 Bus Simulink test system. Vil[-1, 1 7 ((mean())?|
« Aleast-squares approach is applied every 60 samples Solving |V, [=| I, 1 [Eth] where SCC= 7]
(~ 1s) to solve the governing equation and estimate vVl l—in 117t th

short-circuit capacity (SCC) in per unit.
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Online Grid Strength Estimation

The Thevenin-equivalent-based technique works
wellin a conventional power systems but -
degrades in accuracy for IBR-dominated grids. "  wrapr—. e

Busls Buslg

Bus Algorithm-based Simulated/Actual Absolute Error (%)

1 0.785 0.789 0.53
2 2.61 2.81 [RY
13 4.02 3.95 1.77
15 2.35 2.52 6.75
16 3.06 3.05 0.33
23 5.28 5.49 3.83

T :
Batch of samples Batch of samplas
Bus2l Bus2d

In IBR-rich systems, grid strength is no longer
solely an impedance-based property; it becomes
a closed-loop interaction between network
impedance and inverter controls.

Dynamic state-estimation techniques may offer a
more viable solution
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Sample Fault Event Report

Root Cause Analysis Report

Deep Event Analysis and Reporting

* Each eventis analyzed using an automated Python
module to generate an event analysis report.

* Covers five event categories: faults, Frequency
disturbances, voltage disturbances, transients and
oscillations.

 Structured report generated for each event:
* Event overview
 Signature features
* Impact assessment
* Decision support.

N DANOVO NY ¢ @ Sandia
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Event Analysis Validation

RCA Validation Report

* The event analysis pipeline is validated against

hardware-in-the-loop (HIL) testbed ground truth. Executive Summary
o o . . Truth . Window Overlap T Accurac F Emor
« Ground truth is defined from known simulation ExesTron B Cevte B o et SRR AR e (e e
pa ra mete r_s Used tO tr|gger eventS. Oscillation 100 u:m mt:_l.tr:.:-h 1[Hi.i.[r"..-:i3 100.0% 0.318 96.0
Frequency 100 100 100.0%% 100.0% 79 0% NIA 916
° For each event Category’ an Overall event score Transient 100 100.0% 100.0% 89.0% NIA 956

Voltage 100 0 100.0% 100.0% 96.0% NIA 984

(out of 100) is computed based on event-wise
features validation. Nl Mkt b Bt e

 Oscillations are scored based on frequency,
location, time window, and event type.

* Average validation score: 95.4/100 across all
event types.

- Sandi
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Key Takeaways and Next Steps

1 Cloud streamed data with a web front end turns distributed PMU, PoW, SCADA, and COMTRADE data
into a single searchable, time-synchronized archive-supporting both real-time operational insights
and forensic post-event analysis.

PoW data securely illustrates system and IBR abnormal or changing operating conditions and
provides strong signatures for event classification.

3 Thevenin-based grid strength estimation degrades in IBR-rich systems because the network is no
longer linear time-invariant (LTI).

Next steps: Grid strength estimation in IBR-rich systems requires new dynamic analysis techniques.

SSO detection and source location are being worked on.

The final report of Iberian blackout: Enhance dynamic monitoring and operational oscillation
detection (both inter-area and forced).
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Chris Carpenter

Executive Advisor,

Monitoring, Protection, Automation, and Control
Danovo Energy Solutions

Thank you!
Ques tions ? Farrokh Aminifar

Principal Advisor,
Monitoring, Protection, Automation, and Control
Danovo Energy Solutions

(919) 451-0856
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