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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

N 57w

537.9kv

53766V

Example of failing CCVT in a substation 45 minules
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 will be provided by utility partners
= Leverage existing synchrophasor technology

= Research new algorithms in this project

— Data-driven Method
— Substation Linear State Estimator (SLSE) Method

= \alidate at cost share partner substation locations
= 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
= 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) ldentifying 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

3 phase current
state estimator

3 phase voltage
state estimator

Abandon
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Voltage Level Separation
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Breaker Breaker
States States
Il v
Estimate Estimate
Current Current
States States
Build the Build the
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Generate Substation States
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Deployment Options

Provided by Utility Host Provided by EPG

Utility Customized Task 3.2 Customized One-Line

One-line Diagram Diagram Integration

One-Line Diagram
Kit

(( Physical Box In Substation — Hardened PC}

Phasor —>| Substation

Three Phase Individual CT/PT Task 3.3
Voltage and Current timestamped sample @—p DataNXT
Waveform (1,2, ..., m) value or phasor SLSE Engi Dat:
ngine Recording

Synchrophasor
Data Gateway

a

| Task 3.2
Relay/PMU { Synchrophasor

Pseudo- Task 3.1

—1 |

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

Post Processing for list
of bad measurement

Synchrophasor Alarming to Identify
failing Equipment

" Convertor DEFENHAT

From utility

host

EPG
component

Visualization
Display SLSE Engine
N
Post Processing for list
of bad measurement
Substation Alarming to Identify
Network Model failing Equipment
Integration
& J
To be
developed

= Central Processing
= Data sent from substations to central site
= Pro:
> Monitoring multiple substations
> Simple deployment
= Con:
> Need large bandwidth
> Deployment
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Local Processing at substations
Results sent to asset
monitoring center
Pro:

> Less latency

> Less bandwidth

Con:
> Deployment not as easy
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PMU Deployment at AEP

765 kV STATION PMU Connection

765KkV Line 2 4
L

138 kV STATION PMU Connection e TT

CB e:]
o] I
TXF #7 138 kV Ring Bus S = I XF#1 ;T
e Iil - _—
ot 5 T ’ ’
37T epe o sf

GE N60 5 GE N60 K GE N60
._IE-E | ) |
& B 8

] = ]
e I - 2
138 KV LINE 1 XF #8 138 KV LINE 2 XF #9 '*'jLﬁT
3 PMUs deployed at a 138 kV 3 PMUs planned at a 765 kV
station by March 2018 station by Dec. 2018

=  Mainly to get breaker current signals
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Simulation Data
Field PMU Data

TESTING & RESULTS
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AEP PSCAD Simulation Cases

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

—* Electric Power Group




Moving Variance Test - CCVT - Case 1C

Raw Data
447.5
445.0
442.5
440.0 ; ;
Centered Data (Mean Removed)
5 -
0 L=
Variance - Square of Centered Data
75
50 A
25 A
0 L T T T T T T
Threshold Baseline (Moving Average of Variance) and Fixed Threshold Baseline
75
50 A /
251
ol _Z

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 - Case 1C Results

nnnnnnn

=
4.5
l
3.5
3
2.5
2
1.5
1
0.5
0

—1 Ly Oy o B == i T o |

o T e T I o T o 2 T e T p S | i Y O o T M~ 4 Ly Ty —

Range W7 11 WANDNW

Upper W71l WA WD

Lowwer W1 1 WO Wb

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

SLSE successfully detected the anomaly caused by CCVT 711 failure

171172018 428 AM | V711.VAVM exceed limit!

Angle Reference [

L< ]

Signal Name Check A Y] -Em—\;ﬁﬂ[—\m-ﬂﬂ—
y  |V7IVAW
VT11.VAVA
VIT1.VB.WM
VT11.VB.VA
VI11.VCVM
1
1

VITIVCVA
VIT1IVP.VM

DDI:II:II:II:IH
3
5B

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

Raw Data

Center th(M n Removed)

iance - Square of Centered Data

0000000

—T’—j-j

eshold Baselin (M ing Average fV ce) and Fixed Thre hIdB elin

[

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.
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SLSE Test — System Fault

150 T T T T T T T T T J
,' = = —CCVT 2 Vahage(A) |
< 1 Estimated CCUT 2 Woltage(a)
= 100 .
E : SLSE successfully follows the
2 : system fault and did not false
= S0 .
3 J - alarm for CCVT or CT anomaly
fault on— 5 |: b{:’ :\}&’/_,— open breaker & and B
0 N '\_w-»'l'; . . . .
8 HTE !I3 .3‘5 108 \.?5] " 1.5 12 12.5 13
(a) CCVT 2 Voltage Magnitude
10000
= = =T 3 cuurent|A)
_ 8OO0 Estimatad CT 3 cuurani{a) T
< I
g BOOD 1
g faull on——— :
§ 4000 | .
g 1
S 2000 : / open breaker A and B
'
ol — — =
8 8.5 9 9.5 1OS 2‘,-?5] 11 1.5 12 12.5 12
(b) CT 3 Current Magnitude
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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

~ o o\ s MmN A2
o o o o o o oo o oo

[ ]
n
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71

w0 T.IULLD W0 T.IUOF £
0.4 4.96872 N8 473111

1.2 490115
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1 Hour Field PMU Data Test — SLSE

e The SLSE didn’t alarm on any anomalies, which is as expected.
e 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
[ ™

1117 —

14038 ]

13784

DDDDDDDDDDDDDHD!DH
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1 Hour Field PMU Data Test — SLSE

3 Phase breaker current signals:

>

Signal Name Check
' ' MP.la.IM

MP.Ib.IM

MP.lc.IM
manryry

DDDDDDDDDDDDDHDHDH
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Key Testing Findings

* Validated 3 methods

= Data-driven Method

(moving variance & control chart)

= Pro:
> Fast
> Configure Multiple
windows
= Con:
> Biased by bad data

> Can not distinguish
system fault

= Pro:

> Robust with system fault
and bad data

= Con:
> Dependent on model
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Testing of Local Processing Deployment

Utility Customized
One-line Diagram

L Physical Box In Substation — Hardened PC
//Three Phase Individual CT/PT Phasor Substatio
( Voltage and Current » timestamped sample > DataNXT
Convertor
\M/eform (1,2,..,m) value or phasor

4

SL! ne
Relay/PMU —> Synchrophasor
Post Processing for list
AAAAAAAAAAAAAAAAA

e Sampled CT, CCVT waveform data in
COMTRADE format

e Trigger 1 time/hour

e 48 cycles of data, 64 samples/cycle

e Multiple COMTRADE files from multiple
PMUs in one station

e Timestamp using same GPS clock as PMU
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Phasor Converter

TREZ2 765KV 111VE WM —— TR#2 765KV 111 VC.VM TRE2 TE5KV 111 VA WM Origina| Samp|ed Waveform
- voltage data @ 4000 samples/sec
600,00+ o Ea

LT CEEEEE R LEEEEEE LT LR LR
400,00 | |

2 20000 ‘ ‘

i | |

15‘: 0,00 — ‘ !

F |

. -200.00 - |
o] || | I | , ‘ [ ! | | | ' J Converted to phasor, original sample

RERRARARR AN RARA | [.‘J l‘
_Ewm_l,- RALRARRARRA l“|!||1|l45U| ARARARRRARRARRRARE @4ooosamp|es/sec

80080 440

04:48:43.0000 230

420

410

400

390

380
= LU oy = o oy M~ = " = = wl = M Ty e ol L oy
AECREEREREEER g RS TERTE REEE

e TR 2 TESKY 111 WA MAG s TREZ 705K 111 VBIMAG
e TR 2 TESKV 111 WVE.MAG
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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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One-Line
Diagram Kit

Visualization

Grafana




Grafana & One-line Diagram Visualization

Monitor 5 equipment
Y8Y ° Independent alarming
e measurement signal & status

trending
l‘."ﬁvdﬂallmﬂuqum Editor - oliEN
>
59.8303 Hz o e —

winding

Transformer  Capacitor Sudtch

status on substation one-line

. . | |
Equipment location and i L
SEER

! \ W

—+ 2 -

ELECTRIC
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Major Accomplishments till Now

Completed research & scoping study, and system functional
design milestone on time

Developed two data-driven methods and the model-based
SLSE method for anomaly detection

Simulated 60 cases of equipment failure and system event

Tested methods using simulated data and historical field PMU
data

Deployed 3 new PMUs at one demonstration substation
Completed software prototype

Integration testing under way at EPG & AEP

Presented project work/paper at multiple conferences
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Planned Activities and Schedule

# SOPO Tasks and Subtasks Planned Timeline
1.0 |Project Management and Planning March - April 2017
2.0 |Planning, Research, Design, and Specification April 2017 — March 2019
2.1 Overall Project Management April 2017 — March 2019
2.2 Research and Scoping Study March —June 2017
2.3 Functional Design and Design Specifications March —July 2017
3.0 |Development, Testing, and Demonstration July 2017 - June 2019
3.1 Pseudo-Synchrophasor Data July — December 2017
4.0 |Deployment and Demonstration at Host Utility July 2019 — December 2019
4.1 Product Documentation July 2019
4.2 Installation and Integration at Host Utility August 2019
4.3 Site Acceptance Testing August — September 2019
4.4 Demonstration at Host Utility October — November 2019
4.5 Training November — December 2019
5.0 |Marketing and Outreach September 2018 — March 2020
5.1 Market Research September — December 2019
5.2 Commercialization Plan January — March 2020
53 Outreach September 2018 — March 2020
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Thank You!

Heng (Kevin) Chen and Lin Zhang
Electric Power Group
chen@electricpowergroup.com;
zhang@electricpowergroup.com
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Background

= Utilities have invested billions of dollars in transmission and
distribution equipment and substations

= Key substation assets include transformers, circuit breakers,
instrument transformers (CTs, PTs, CCVTs) and Intelligent
Electronic Device (Relays, PMU, DFRs)

= Synchrophasor measurement systems have been widely
installed in the North American power grids over the last
decade

= Data from such assets can be used for asset health monitoring
and take proactive steps to prevent equipment failure

= Proper functioning of substation assets is critical for power
system operations, reliability and personnel safety
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Task 2.2 Research and Scoping Study - Equipment

= Conducting a research and scoping study of bad data pattern and relationship to

types of equipment failure, as well as alarming criterial for failure detection
i Coupling Capacitor Voltage
Current Potential Transformer (CCVT)

Transformer (CT) Transformer (PT)

C tual pict f , ;

onceptual picture o — Highwotoge  CVT Section View and
I i Single Line Diagram

a Voltage Transformer

Conceptual picture of
a Current Transformer

Capacitor
voltage

divider

Electromagnetic

Symbol of a Symbol of a gt
Current Transformer Voltage Transformer A
/\/_\ |1 . . '. tr::_:nsﬁ:-wv.»m—
~"Compensating™
Y __—reactor
[ l ] @ Vi Pamping ===
. aevic m—
I

€V2
Source: IEC Capacitive & Coupling Capacitor Voltage Transform

Source: Instrument Transformers — Technical Information http://www.gegridsolutions.com
& Application Guide, http://www.abh.com _
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)

IG(A)

IN(AIMag  IN(A)

Signature Examples — CT

VAB(V) _ VBC(V) VCA{V) 1A(A) 1B(A) 1IC(A) IG(A) IN(A) IN(A)Mag
\‘,x",]’,-&\“xx-\,~_q- 2y,
/ TR /
XY;i‘;’f{iH;;j)f
Y'Y i Y b 4 4
e ?‘[.‘ J
1000 1A Wi YA ’
200
0 4 i = _ g 3 "
-200 4
200 |
o+ -
-200 4
200
100 £
0 Y Y . L -?— . - L 4[ Ltk J.ET e b J.,_,,JI.-E" W S
2.5 5.0 75 10.0 12.5 15.0
Normal Operation — No failure Ref

oheerved signal magnitude
(3 bit digital to analogue conversion)
o

B

High frequency transients observed 8 minutes before CT failure (partial discharge in insulation)

2

Time (m=)
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Cu [ ) =
__VAB(V) VBC(V} __ICA) ___I6() _ _IN@)MHj_
i O0TK ”\4\: OO e
: "'lﬁ"\f xi‘tfrivf_lzﬁ \<'r!|x
€ )
; 7 Py e i .
X § - = = -+ Sis st =
3 Q
- y
g e
N » d T A s
g [
Q ;”FI 1 W « T T 1 1
T | T 1 T T I
00 25 5.0 7.5 10.0 125 15.0
Cycles
erence: [G] Open Circuit in CT secondary due to Wiring damage
A Phase Current (offset) 7 |
: 1 -jl i \
2E b~ iy ot et
| 50 (RN A |
c g -
B Phase Current - BE 71 8 Pnase ’-
- -
cn-¥
A
j ‘-f fd
Z Phase Current (offset)
N =
i 2 4

Reference: [F]
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Signature Examples - PT

Voltage Magnitude

4712008 11 18 31 69 446 50D _Preses A Evert Ampitute = 2149570 &0

De st 047000 16 1831 363

. 106 F— . ] ' s —
s am 1.04 —
L - 102 | 4
et ‘e oonl Loose Connection
. I S | at PT feeding the
o et osaf PMU
10000 092 , A i L i " " n |
» SWItChIng 11:32 AM 11:34 AM 11:36 AM 11:38 AM
Transients Voltage Magnitude
= o T T T T T T T T
25000 asm 1 —
Reference: [A] Blown fuse on

- ) One Phase of PT
R - —— v I TTr————
A thilh ! ]” J!".HH'JH il -'WPJ 04:37.33.5 AM 04:37.35.5AM 4 Jcconds)
§ o i F AAARKRRR I,rl t Synchrophasor D-u - Failing Bus Potentisl Transformer
?. ~h [ . [signad drify sy
% 10 _: i |
f | il Ferroresonance —
§ sy ) ! Opening Breaker ‘
§ L U AR A TR . e 1 o i
L % [ g ALL R RS e, = 2 Internal Primary
P VWY \ e «brquLn - MF’FM Winding Issue
?D'I::.,..:.=|.||||:|i|||:|.|...:.::I!I!l!:llil = ’HFIIIIH!EJJI‘_H

10 2 a0 “ B 0 70 80 % - ‘%fw% W}Q ﬁl yﬁﬁ?{ ’ll’h
Reference: [C] ::,r APPSR A ISP AP

Reference: [A]
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Signature Examples - CCVT

Capacitor Failure in C phase Loose Fuse Connections in CCVT Safety Switch
eyr | Voltage Magnitude
A MWW‘ ™ 1
ey 5375V 0‘99
. Reference: [A]
Reference: [A] Cphase 0.98
—_—y b ——— e P, AL A SITY
097 -
| | | 1 1 | 1 1 1 |
‘} ' ‘ 06:10 AM 06:20 AM 06:30 AM 06:40 AM
i (35 minutes)
45 minutes
A - Phase CCVT Issue
160
al
2 150
g- A-phase CCVT has a problem
5 ”O. - . A Reference: [B]
S0 N -
2 50 1000 1500 2000 200 3000
L
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SLSE Method

e Current State Estimator: Estimate the breaker current. In this model, all the
nodes and breakers at the same voltage level inside the substation
construct a zero-impedance power system, and the measurement function
can be established by applying KCL. For each branch current, it is a function
with respect to two breaker currents if it is a breaker-and-a-half schema.
For each breaker current, it is a function with respect to itself.

* Voltage State Estimator: Estimate the bus voltage from the voltage
measurements at all the nodes comprising this bus. This is essentially a
weighted average and is formulated here as a zero-impedance voltage state
estimator. The states are the voltage of each bus, and the measurements
are the voltage phasor measurements at the nodes belonging to the bus.
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Anomaly Alarming

Data-Driven
SLSE Flag Statistical
Detection Flag

Cross-check Alarm

e SLSE and data-driven statistical

detection flags are cross No

checked for consistence Data-Driven

SLSE Flag Statistical
Detection Flag

e Two different user-defined
timers are used to track these
flags

Alarm Alarm
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AEP PSCAD Simulation Cases — CCVT Scenarios

e 765kV Set 1: CCVT 8 Scenarios

HV Capacitor }

stack T ° CR PT FSC )
(100 sub-stacks) [ e 138kV Set 1: CCVT 10 Scenarios
30 [H] 7 [kohm) 0.064 [ohm] 0.376 [mH]
LA A R |
LV Capacitor _| 2 o E’% " E§
Stack T 377
(20 sub-stacks) @,‘!J_ ! \D*
gl | _-|—><> ﬁ;%§ | 2 1. Failure modes
Burden - Failure of one or more capacitor elements in HV stack (capacitor stack
P P
N - o One capacitor fails (short circuit) in phase A
p p
..... o Five capacitors fail in phase B
S msesase men e mher o One capacitor fails first, 2nd capacitor fails after 30sec, in phase C
----- e - - ... - Failure of one or more capacitor elements in LV grounding stack (capacitor
& Tin stack shortage)
o e I o One capacitor fails (short circuit) in phase A
..... . 5%: A A A A A A . B R R R R o Five Capacitors fﬁll in phaseB
e, o One capacitor fails first, 2nd capacitor fails after 30sec, in phase C
o - - Failure of Ferro-resonance suppression circuit (or simulation of transients

without any Ferro-resonance circuit)
o Simulation of temporarily short circuit CCVT secondary, with FSC;

clearing around 7 cycles
o Simulation of temporarily short circuit CCVT secondary, without

FSC; clearing around 7 cycles
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AEP PSCAD Simulation Cases — CT Scenarios

o § ] e 765kV Set 2: CT 20 Scenarios
e 138kV Set 2: CT 22 Scenarios

J)
%
LY
]
W
A —

1. Failure modes (First with all breaker closed)

. L oavs by 1 % :J) - Short turns (turn to turn)
Ta § ;—: ] I 33 o One CT turn-to-turn shortage occurs at 10sec in phase A, total
f#a ‘ I simulation 40sec: please try different turns
o Open breaker B1&C2, do the simulation again.
AT ggj - Short turns (turn to ground)
L #2 £|| T g3 o One CT turn-to-ground shortage occurs at 10sec in phase A, total
I | g_)D ‘ B ‘_{ simulation 40sec: please try different turns
' - Short turns (turn to turn between different coils)

o turn-to-turn shortage between two CTs occurs at 10sec in phase A,
s s o - - total simulation 40sec: please different turns
E : - Ratio Error F w
o The one you have now is good
‘“E - Large burden (Loose Connections or Corroded Connections)
=y | o One CT, case occurs at 10sec, total 40sec
- Open CT secondary in phase A at 10sec, total 40sec
- CT polarity error: (Static). Is it possible to simulate this kind?
- External events:
o A bus fault at 10sec
o A line fault at 10 sec

F —I&4Er

i
s .

H
gt
@
w1
L&-I
Sk
81
'3

'TE

G
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