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Project Introduction

DOE/OE and DOE/NETL
— Phil Overholt, Program Manager & Alicia Dalton-Tingler, Project Officer

= American Electric Power (AEP) — Sub-recipient

— Project Manager / Alternate — Carlos Casablanca / Yanfeng Gong

= Professor Anjan Bose (Washington State University)

— Technical Advisor
= Electric Power Group, LLC
— Principal Investigator — Lin Zhang

— Key Project Personnel — Ken Martin, Simon Mo, Tianyu Hu,
Neeraj Nayak, Joshua Chynoweth
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Project Objective

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




Technical Merit
Using Data for Proactive Actions to Prevent Failure

Aphase
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Example of failing CCVT in a substation 45 minutes
Example of CCVT voltage signals at Dominion

= 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
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Technical Approach

= 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
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Moving Variance Method

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

= Main window
* Delayed Window
e Variance Window — Centered data
= Square the centered data
= Moving average of Squared data
= Moving threshold is obtained based on a scaling factor
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Control Chart Method

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

e the upper control limit (UCL),
e the central line, and

e the lower control limit (LCL).
The UCL and LCL are calculated based on a 200

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).
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SLSE Method

Voltage Level Separation
|
v v v
500kV 345kV e 230kV
Estimate Estimate Estimate
3 phase Current » Current Current Current
) States States States
state estimator EAbanjdon Aban don [Abandon]
*
Yes Bad Data Yes Yes
No No
Estlmate Estimate Estimate
Breaker Breaker Breaker
States States States
i 3 i
Estimate Estimate Estimate
Current Current Current
States States States
Build the Build the Build the
Topology for this Topology for this Topology for this
voltage level voltage level voltage level
3 phase voltage i i i
State eStlmator Estimate Voltage Estimate Voltage Estimate Voltage
States States t States

— —

Generate Substation States
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Deployment Options

Provided by Utility Host

Utility Customized Task 3.2 Customized One-Line
One-line Diagram Diagram Integration
Three Phase Individual CT/PT Task 3.3

Voltage and Current
Waveform (1, 2, ..., m)

timestamped sample
value or phasor

| Task 3.2
Relay/PMU { Synchrophasor

Pseudo- Task 3.1

—

Synchrophasor
Signal Mapping to
Substation Model Substation
Network Model
Substation Integration
Model (CIM)

Provided by EPG

Physical Box In Substation — Hardened PC}

One-Line Diagram ((
Kit

Phasor DataNXT
Converter

Phasor

| Convertor

Synchrophasor Visualization
SLSE Engine Data Gateway Display
Post Processing for list
of bad measurement

Alarming to Identify
failing Equipment

Substation
DataNXT

SLSE Engine
N
Post Processing for list

of bad measurement

Substation Alarming to Identify
Network Model failing Equipment
Integration

From utility

EPG
component

To be
developed

host

Central Processing
Data sent from substations to central site
Pros:
> Monitoring multiple substations
> Simple deployment
Cons:
> Need large bandwidth

= Pros:

= Cons:

> Less latency
> Less bandwidth

» Local Processing at Substations
= Results sent to asset monitoring center

> Deployment not as easy
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PMU Deployment at AEP

765 kV STATION PMU Connection

765KV Line 2

138 kV STATION PMU Connection e Tr

or TM 138 kV Ring Bus cr

=1 1 XE #1 —
AT —r LET s -
covT 354 8 3
3T Hepies o -
Frr
] o] ]
GE N60 o 5 GE N60
— R [P ’
. ]zs-.n
- ]
% o 8 8
I o] E [&2]
I g_ CovT a S
3 &
765 kV Bus T
138 kV LINE 1 XE #8 138 kV LINE 2 XE #9 ”‘@“T
CT ratio: 3000:5;
CCQVT rated secondary L-N voltage: 70 V;
765 kV Line 1 XF stands for “transformer”.

3 PMUs deployed at 138 kV Substation 3 PMUs deployed at 765 kV Substation
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TESTING & RESULTS
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AEP PSCAD Simulation Cases (60 Total)

Faulted No

Instrument Fault Type f Scenarios

Transformer ©

CCVT High voltage capacitor stack failure 3
Low voltage capacitor stack failure 3
Ferroresonance suppression circuit 9
(FSC) failure

CT Turn-to-turn shortage within the same coil 2
Turn-to-ground shortage 4
Turn-to-turn shortage between different coils 6
Ratio setting error 1
Large burden (Loose Connections l
or Corroded Connections)
Open CT secondary 1
CT polarity error 1

None External system events (bus fault and line fault) 6
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Moving Variance Test - CCVT Capacitor Failure

Raw Data

447.5
445.0 1
442.5 A
E T T - T T T T

Centerea Data (Mean Rerﬁoved)

I esensnsssssdil

Variance - Square of Centered Data
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' ‘ Threshold Baséline (Moving Avérage of Variance)l and Fixed Thresﬁold Baseline ‘ ‘
75

50 A /
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T T T T T T T T
2645 2650 2655 2660 2665 2670 2675 2680

5s 30s

1C - 1 capacitor fails first at 5 s, 2nd capacitor fails after 30sec, in phase A
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Control Chart Test — CCVT Capacitor Failure

nnnnnn
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1C - 1 capacitor fails first at 5 s, 2nd capacitor fails after 30sec, in phase A
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SLSE Test — CCVT Capacitor Failure

SLSE successfully detected the anomaly caused by CCVT 711 failure

1/11/2018 428 AM | V711.VAVM exceed limit!

Angle Reference l v| —_
— AT VAUM s
Signal Name Check A tpir:] ~Estmated 7Yt
»  |VTIVAWM . |
V711.VAVA 0 AAAAARAAAAAAAAAAARAAA DU SO
V711.VBAM O o |
V711.VB.VA D B |
V711.VC.VM ] 7018
V711.VCVA O o 58 ) : 30s
VII1.VP.WM ]

1C - 1 capacitor fails first at 5 s, 2nd capacitor fails after 30sec, in phase A
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Moving Variance Test — System Fault

System Fault is flagged as an anomaly

|
|

#

Threshold Baseline (Moving Average of Variance) and Fixed Threshold Baseline

/ |
— — — LT
! :
2800 2805

10s
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.

Raw Data

Centered Data (Mean Removed)

Variance - Square of Centered Data
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SLSE Test — System Fault
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SLSE successfully follows the
system fault and did not false
alarm for CCVT or CT anomaly
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Control Chart

ield PMU Data Test

Normal operation data without equipment failure nor system event

1 Hour F

Each voltage and current signal is tested independently

Didn’t have false alarm based on the setting
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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:

Signal Name Check A -|_

¥y
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14038 ]
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Key Findings from Testing

* Validated 3 methods

. Da.ta-drl.ven Method . SLSE Method
(moving variance & control chart)

= Pro: * Pro:
> Fast > Robust with system fault
> Configure Multiple and bad data
windows
= Con: = Con:
> Biased by bad data > Betqu'ri? model
> Can not distinguish ‘ntegration
system fault
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Local Processing & Substation Deployment

Utility Customized
One-line Diagram

/ 4, — Ph!sical Box In Substation — Hardened PC
/

/ Three Phase Individual CT/PT Phasor Substation
< Voltage and Current » timestamped sample > DataNXT
\ Convertor
Weform (1,2,..,m) value or phasor

4

S ine
Relay/PMU —> Synchrophasor
Post Processing for list
.................

 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
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Voltage Magnitude AV

Point on Wave - Phasor Converter

TRE2765KV 111 VB.VM — TR&2 765KV 111VC.WM TRE2 765KV 111 VA VM Origina|samp|ed Waveform
i voltage data @ 4000
s0000 samples/sec
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400,00
200.00
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s (111 I \ ] ‘ | ‘ l ‘ ‘ ‘ l ' ’ | Converted to phasor, original sample
AR R A A AR R AR A A AR AR AR
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Software Package Testing at EPG & AEP

Measurements

| -

Data management

platform DataNXT > InfluxDB
Data and alarm
storage
Asset
SLSE Service Monitoring
Service
Model-based Data-driven
method methods
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Visualization

Grafana




Grafana & One-line Diagram Visualization

Monitor 5 equipment

* Independent alarming

* measurement signal & status
trending

Arangement Alignment Preview

59.8303 Hz

Sub Station XYZ2

[ [ A
Macomber Import E@ D 1 :‘m‘
nnnnn i ™
A\ | bersu xyz3xml ‘ \
jew: i oy
P
Equipment location and T SN
status on substation one-line : £ b
—* Electric Power Group == ﬁ"é'c‘#fé‘"

POWER



Real-time Trend — PMU and SLSE results

ol 765kV substation e o
PMU data + SLSE result

Currents
- Currents

10:08:30 10:09:00 10:09:30 10:10:00 10:10:30 10:11:00 10:08:30 10:09:00 10:09:30 10:10:00 10: 10:11:00
PICIM == 1P.Ic.IM_LSE L1aiM - LlalM_LSE

Voltages » Voltages

el ,»Mw M W‘WWM ~Mwwwwww*~'““’“*~wf“’w

(bR A A
B

4440K

4435K
10:08:30 10:09:00 10:09:30 10:10:00 10:10:30 10:11:00 10:08:30 10:09:00 10:09:30 10:10:00 10:10:30 10:11:00

VaVM ==R aVM_LSE e VaVM == -VaVM_LSE
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Real-time Trend — Data and Flags

Control Chart ~ % @ B & < Q > @ Last 5 minutes Refresh every 5s

Original and SLSE Result ] ontrol Char

PMU and SLSE Data | Control chart Result

]
10:09:30 10:10:00 10:10:30 10:11:00 10:11:30 10:12:00 10:12:30 10:13:00 10:13:30 10:14:00 10:09:30 10:10:00 10:10:30 10:11:00 10:11:30 10:12:00 10:12:30 10:13:00 10:13:30 10:14:00

MP.IcIM = MP.Ic.IM_LSE - LIcIM_cc_range == P.Ic.IM_cc_upper

SLSE Flag 1 Control Chart Flag

SLSE Flag Control chart Flag

-10
10:09:30 10:10:00 10:10:30 10:11:00 10:11:30 10:12:00 10:12:30 10:13:00 10:13:30 10:14:00 10:09:30 10:10:00 10:10:30 10:11:00 10:11:30 10:12:00 10:12:30 10:13:00 10:13:30 10:14:00

IP.Ic.IM_LSE_bad_flag - >icIM_cc_flag
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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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Thank You!
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