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▪ Research, design, develop and demonstrate software 
application in substation(s) to:

– Collect three phase measurements from substation equipment

– Process data from PMUs, DFRs and Instrument Transformers to derive 
synchrophasor equivalents and run a three phase Substation Linear 
State Estimator (SLSE) in real-time

– Monitor and characterize equipment data signatures

– Detect signature anomalies

– Alert end-users and provide equipment signatures for detailed forensic 
analysis

– Enable end-users to take needed proactive actions – calibration, 
repairs, replacement

Project Objective



▪ Monitor the status and health of substation equipment

▪ Provide early warning indications for potential malfunctioning equipment

▪ Proactively replace and repair before equipment is damaged

▪ Reduce utility’s forced outage of equipment

▪ Reduce utility’s operating and maintenance costs

Technical Merit 
Using Data for Proactive Actions to Prevent Failure

Example of failing CCVT in a substation

Example of CCVT voltage signals at Dominion



▪ Data from substation provided by utility partners

▪ Leverage existing synchrophasor technology

▪ Research new algorithms in this project

– Data-driven Method

– Substation Linear State Estimator (SLSE) Method

▪ Validate with Simulated and PMU data from Utilities
– Central Location

– Substation

▪ Adapt for general commercial use at other utilities

Technical Approach



Moving Variance Method

▪ The variance is calculated one phase at a time with 3 moving 
windows

▪ Main window

• Delayed Window

• Variance Window – Centered data 

▪ Square the centered data

▪ Moving average of Squared data

▪ Moving threshold is obtained based on a scaling factor



Control chart is a graph or chart with limit lines. There are
basically three kinds of control lines:

• the upper control limit (UCL),

• the central line, and

• the lower control limit (LCL).

The UCL and LCL are calculated based on a 20σ

1) Identifying the maximum and minimum values in 1-second
time window.

2) Calculating 1-second the data change range=maximum-
minimum.

3) Comparing the 1-second change range with upper control
limit (UCL).

Control Chart Method
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Deployment Options
Provided by Utility Host Provided by EPG
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Alarming to Identify 
failing Equipment

▪ Central Processing

▪ Data sent from substations to central site

▪ Pros:

> Monitoring multiple substations

> Simple deployment

▪ Cons:

> Need large bandwidth

▪ Local Processing at Substations
▪ Results sent to asset monitoring center
▪ Pros:

> Less latency
> Less bandwidth

▪ Cons:
> Deployment not as easy



PMU Deployment at AEP
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TESTING & RESULTS



AEP PSCAD Simulation Cases (60 Total)



Moving Variance Test - CCVT Capacitor Failure

1C - 1 capacitor fails first at 5 s, 2nd capacitor fails after 30sec, in phase A

5s 30s



Control Chart Test – CCVT Capacitor Failure

1C - 1 capacitor fails first at 5 s, 2nd capacitor fails after 30sec, in phase A

5s 30s



SLSE Test – CCVT Capacitor Failure

SLSE successfully detected the anomaly caused by CCVT 711 failure

5s 30s

1C - 1 capacitor fails first at 5 s, 2nd capacitor fails after 30sec, in phase A



Moving Variance Test – System Fault

11B - A single phase-to-ground bus fault on bus 1 phase A at 10sec, fault duration is 0.06 s, 
open D1, C1, B1 at t = 10.05s, reclose at t=10.55s.

10s

System Fault is flagged as an anomaly



SLSE Test – System Fault

SLSE successfully follows the 
system fault and did not false 
alarm for CCVT or CT anomaly

10s

10s



1 Hour Field PMU Data Test – Control Chart

Normal operation data without equipment failure nor system event
• Each voltage and current signal is tested independently
• Didn’t have false alarm based on the setting



1 Hour Field PMU Data Test – SLSE

• The SLSE didn’t alarm on any anomalies, which is as expected. 
• The SLSE results are also very close to and following the variations of the raw signals 

3 Phase voltage signals:



Key Findings from Testing

• Validated 3 methods

▪

▪ Pro:
> Fast

> Configure Multiple 
windows

▪ Con:
> Biased by bad data

> Can not distinguish 
system fault

▪

▪ Pro:
> Robust with system fault 

and bad data

▪ Con:
> Requires model 

integration



Local Processing & Substation Deployment

• Sampled CT, CCVT waveform data in 
COMTRADE format

• Trigger 1 time/hour

• 48 cycles of data, 64 samples/cycle

• Multiple COMTRADE files from multiple 
PMUs in one station

• Timestamp using same GPS clock as PMU

Provided by Utility Host Provided by EPG
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Point on Wave - Phasor Converter

Original Sampled waveform 
voltage data @ 4000 
samples/sec

Converted to phasor, original sample 
@ 4000 samples/sec



Software Package Testing at EPG & AEP

DataNXT

Asset 
Monitoring 

Service
SLSE Service

One-Line 
Diagram Kit

Grafana

InfluxDB

Measurements

Data management 
platform

Model-based 
method
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Grafana & One-line Diagram Visualization

Equipment location and 
status on substation one-line

Monitor 5 equipment
• Independent alarming
• measurement signal & status 

trending



Real-time Trend – PMU and SLSE results

765kV substation
PMU data + SLSE result

138kV substation 
PMU data + SLSE result

Voltages Voltages

Currents
Currents



Real-time Trend – Data and Flags

SLSE Flag Control chart Flag

PMU and SLSE Data Control chart Result



Major Accomplishments & Next Steps

Completed
• Completed research & scoping study, and system functional design
• Developed two data-driven methods and the model-based SLSE method

for anomaly detection
• Simulated 60 cases that include equipment failure and system events
• Tested methods using simulated data and historical field PMU data
• Deployed 6 new PMUs at two demonstration substations
• Completed software development and released to AEP
• Published two papers and presented project work at multiple conferences

Next Steps
• FAT under way at EPG & Integration under way at AEP (Ongoing)
• Project demo for AEP internal users (Planned)
• Ship two hardened PC to AEP for field deployment in substations (Planned)
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30


