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Outline

Introduction

 PMU data for fault analysis
— Phasors and sequence components
— Impedance based fault location estimations

 Factors considered
— Filter type (P/M)
— Fault duration

* Analysis of data
— Faults

— SSO/SSR

e Conclusions



Introduction

» The synchrophasor standard IEEE C37.118.1a-2014 presents two
performance class filters.

- P&M

* This presentation focuses on the applicability of the P and M class
synchrophasor data for fault analysis.

 The synchrophasor data captured from an industrial PMU implemented as
per IEEE C37.118.1a- 2014 was used for this analysis.

— Simulated data from a Real Time Digital Simulator (RTDS)
— Field reported events

« Datais captured using the in-built PDC program available with the device.



Important Considerations

Typical fault durations

— Depends on the response of the protection and speed of the circuit
breakers.
» Response of the conventional relays: ~1 cycle, high speed CBs : ~1 cycle
— ~2cycle

Effect of the filters (P/M)
— Finite Impulse Response with ~2 cycles (P) and ~ 5 cycle (M)

Reporting rates available

Svstem frequency 50 Hz 60 Hz
Reporting rates (F,—frames per second) 10 | 25 [ 50 100 | 12 |15 | 20 ] 30 | 60

Testing Considerations/ Parameters
— Testing was done with the faults simulated at 2 cycles and above
— Selected reporting rate = 60 Hz (60 Hz system)




Test Setup

 RTDS Testing: Simulated Waveforms
RTDS -}
<—-_’- -

« DOBLE Amplifier: Real time playback of recorded waveforms

DOBLE- AMP PMU Under Test =
-« - - ol -

PMU Under Test

="
-

Eilg.




PMU Settings

e Basic PMU Settings

PMU Definition
Sample Rate: | 60 ~ | frames / second PMU Standard: | C37.118.1-2011 (M class) -
Header Frame Text: | Test C37.118-2005
] C37.118.1-2011 (P class)
Reporting Format £37.118.1-2011 (M class)
Phasor: | Integer
Analog; Integer
Freq/ ROC Freq: | Integer
= Phasor Options Selected Channel | Full Scale | Unit | Active| Name to Report | A
m  Analog Options PMU Phasors
= Digital Options Row 1 [Bayl:Va 276 kv  |[] [Bayt:va
Row 2 |Bay1: Vb 276 kv f] Bay1:Vb
How 3 |Bay1:Ve 275 kv ] Bay1:\Vc
Row 4 |Bay1:la 250 ki [~] Bay1:la
Row 5 |Bay1:lb 250 kA E| Bay1:lb
How & | Bav1:lc 250 kA g Bavi:lc




PMU Calibration

* Angle Reference — PMU Settings

Angle Reference for this

PMU (GPS, 1PPS
Channel Group provided by ( ' ) W

* Angle Calibration
— RTDS and PMU - Connected to GPS — 1 PPS

TESLA Analog Input Configuration

Element: Type De=cription Channel Module Type
Bay1 “Wa o 5 w | | 401006 65Vac lzolated Meutral ~
Units 2 kA Angle Offset Rate of Change Interval Single Harmonic Mumber Nominal Level
kV View/Set Scale 0.34 1.0 - Cycle(s) 3 w 69 v
Actions:

*



Analysis of Simulated Faults: RTDS ?ERL

e Test Cases

— Effect of fault during - P class estimation

— Effect of fault during - M class estimation

— Fault location calculation — M class



PMU Data During Faults : P Class

o 2 cycle faults: PMU reporting at 60Hz

Bayl.Va 65.0

60.0 )
“erification \\ ‘/
2018/Apr/16 19:20:59.134028 550 \ f
WPRG-\eri S0.0

450 \\f

40.0

35.0
Bay1.la 3.00

2.50
Verification A
2018/4ADr16 19:20:59.134028 2.00 f \l
WPRG-\eri 150

1.00 ], \l
0.50 (‘ \\

0.00

Bay1:V=seq ZeroSeq 12.0

L 10.0
Werification /’”‘.
2018/Apr/16 19:20:59.134028 8.0 ( 1‘

WPRG-Veri 8.0

40 [
20 b
0.0 /J

0.80
0.80 7
Verification 0.70 7
2018/A0r/16 19:20:59.184028 0.60

’ 0.50
WPG-Veri 0.20

f

II
0.30 /
|

Bay1:lzeq:ZeroSeq

1

|
}
]

0.20 }

0.10

0.00 -

Seconds 123.80 124.00 124.10 12420 124.30 124.40 124.50 124.60 12470 124,50




PMU Data During Faults : P Class

o 3 cycle faults: PMU reporting at 60Hz

Bayl Va 85.0
§0.0 ™
Verification \ ,/
2018/4DrH6 19:20:59.184028 330 \ll i‘
WPG-Veri 50.0
45.0 L
L
40.0
50
Bayi.la 3.00
2.50
erification ff ﬁ\
2018/4DrH6 19:20:59.184028 2.00 }[ |\
WPG-Veri 1.50
1.00 J}f \'k
0.50 -
0.00
Bay1:Vseq. ZeroSeqg 12.0
o 10.0
erification \l
2018/4prHB 19:20:59.184028 8.0 f \l
WPG-Veri 8.0
20 ;f \\
2.0 S
0.0 —_
Bay1:lseqg.ZeroSeq 0.90
0.80 1~
Verification 0.70 r,' |I
2018/4prH6 19:20:59.184028 g-gg 1
WPG-Veri :
eri 0.40 IrlI 'lll
0.30 / ||
0.20 i 3
0.10 —
0.00
Seconds 145 50 14560 145,70 145,30 145 90 148.00 14810 146,20 146,30 148.40
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PMU Data During Faults : P Class

* 4 cycle faults: PMU reporting at 60Hz

Bayl Va 65.0
- 50.0
“erification f/
2018/Apr16 13:20:59.184028 550 \\ i‘
WPG-Veri 50.0
45.0 1‘\ f
\\_/J
40.0
35.0
Bayl.la 3.00
250
“erification / \|I
2018/AprH16 19:20:59.184028 2.00
WPG-\eri 1.50

Lo
1.00 Jll \
0.50 ‘L

0.00

12.0

10.0
Verification \\l

2018/AprHE 19:20:59.184028 8.0 f \1
WPG-Veri 5.0

4.0 )‘ \
20 f

Bay1:Vseq.ZeroSeq

0.80
0.80
0.7o £

Bay1:lzeq:.ZeroSeqg

Werification I
2018/Apr/16 19:20:59.184028 0.60 |
WPG-Veri 0.50 |
!
!

Lt

0.40
0.30 I
0.20 L
0.10

0.00

Seconds 17510 175.20 175.30 175.40 175.50 175.60 175.70 175.80 175.90 176.00
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PMU Data During Faults : P Class

* 5 cycle faults: PMU reporting at 60Hz

Bay1 Va 85.0
§0.0

Werification f

2018(4pr/16 19:20:59.184028 550 [(

WPG-Veri 50.0
450 /
40.0
35.0

Bayi.la .00

o 2.50

Werification

2018(4pr/16 19:20:59.184028 2.00 .\

WPG-\eri 1.50
1.00 \.\L
0.50
0.00

Bay1:VWseq.ZeroSeq 12.0

o 10.0

Werification

2018(4pr/16 19:20:59.184028 20 \\

WPG-\eri 5.0 \L
40 \
0 fJ \
0.0

i 0.90

Bay1:lseq.ZeroSeq 0.20

Werification 070 v

2018iADr1E 19:20:59.184028 e |

WPG-Veri :

= 0.40 Il"a
0.30 '
0.20
0.10 /}r \
0.00
Seconds 198,30 198 40 198.50 198 60 198 70 198.20 198.80

12



PMU Data During Faults : P Class EERL

e Summary: PMU reporting at 60Hz

Duration (cycles) Zero Seq. Voltage (V) | Zero Seq. Current
(A)

2 9.5V 0.72 A
ﬁ 3 10.1V 0.83 A
4 10.1V 0.83 A

5 10.1V 0.83 A
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PMU Data During Faults : M Class

Bay1.Wa

Verification
2018/Apr/1M6 19:38:59.684028
WPG-Veri

Bay1.la

Verification
2018/Apr/16 19:36:59.684028
WPG-Veri

Bay1:Wseq.ZeroSeq

Verification
2018/ADprM G 19:36:59.684028
WPG-Veri

Bay1:lzeq:ZeroSeq

Verification
2018/Apr6 19:36:59.684028
WPG-Veri

Seconds

65.0

2 cycle faults: PMU reporting at 60Hz

ZERL

3520

3530

3540

35.60

3570

35.80
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PMU Data During Faults : M Class

Bay1.\Va

Werification
2018/Apr/16 19:35:50 684028
WPG-Veri

Bayl.la

Werification
Z018/AprH16 18:36:59.684028
WPG-Veri

Bay1:Vzeq:ZeroSeqg

Werification
Z0180Apri16 19:36:59.684028
WPG-Veri

Bay1:lseq.ZeroSeq

Werification
20180AprH16 19:35:59 684028
WPG-Veri

Seconds

3 cycle faults: PMU reporting at 60Hz

oy

60.0

55.0

50.0

450

40.0

35.0

3.00
250

2.00

1.50

1.00

0.50

0.00

12.0

10.0
8.0

6.0

4.0

2.0

0.0

0.90
0.80

0.70

0.60

0.50

0.40
0.30

0.20

0.10

[—_

0.00

£5.2p

5590

=500

=510

=520

=530

5540

5.5

=560

15



PMU Data During Faults : M Class

4 cycle faults:

Bay1.\Va

Verification
2018/Apr/16 19:35:59.584028
WPG-Veri

Bayl.la

Verification
2018/Apr16 159:35:59 684023
WPG-Veri

Bay1\Vseq ZeroSeq

Verification
2018/AprM6 159:365:59.684028
WPG-Veri

Bay1l:lseq.ZeroSeq

Verification
2018/Apr/16 19:36:59.564028
WPG-Veri

Seconds

PMU reporting at 60Hz

65.0

60.0

350

s0.0

450

|
/

40.0

|
|
\J

350

3.00

2.50

2.00

1.50

1.00

0.50

0.00

12.0

10.0

8.0

6.0

4.0

0

0.0

0.50

0.80
0.vo

0.60

0.50

0.40

0.30

020

010

0.00

91.20

91.40

91,60

92.20

92.40
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PMU Data During Faults : M Class

* 5 cycle faults: PMU reporting at 60Hz

Bayl.Va 85.0
o 50.0
“erification
2018/Apri16 19:36:59 684028 550 \ /
WPG-Veri 50.0 \\ }
450
40.0
35.0
Bay1.la 3.00
2.50
erification I/ \
2018/ADpr1E 19:36:59 684028 2.00 f 1‘
WPG-Veri 1.50 }J ]\
1.00
0.50
0.00
Bay1:\VzeqZeroSeq 12.0
10.0
erification J/ \
2018/ADprHE 19:36:59.684028 8.0 Jr
WPG-Veri 5.0 ; \
40
2.0
0.0
Bay1:lseq: ZeroSeq 0.90 i,
0.80 v
Verification 070 | i
201B(AprH6 19:36:50.684028 e | !
WPG-Veri :
= 0.40 ; "|I
0.30 |
0.20
0.10
0.00
Seconds 13870 13380 13890 13900 13910 128920 13930 120940 12950 13960  139.70
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PMU Data During Faults : M Class

* 6 cycle faults: PMU reporting at 60Hz

Bayl Va 65.0
50.0
‘erification \.L ;/
2018/ADprHE 19:36:59.684028 550 \ f
WPG-Veri 50.0 \ ‘;
45.0
40.0
350
Bayi.la 3.00
2.50
“erification ./
2018/AprHE 19:36:59.684028 2.00 ii \‘
WPG-Veri 1.50

1.00
0.50 /I \“

0.00
Bay1:Vseq. ZeroSeqg 12.0
L 10.0
Verification /
2018/AprH6 19:36:59.684028 8.0 / |
WPG-Veri 5.0

o ] I

0.0

0.80
0.80
Verification 0o
2018/AprHE 19:36:59.684028 0.60

: 0.50
WPRG-V
eri 0.40

4
0.30

i J
0.20
0.10 ; \
0.00

Bay1:lkeq:ZeroSeqg

— |
—

m— |
-

Seconds 1260 11270 112.30 11290 113.00 11310 113.20 13.30 113.40
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PMU Data During Faults : M Class h EERL

e Summary: PMU reporting at 60Hz

Duration (cycles) Zero Seq. Voltage (V) | Zero Seq. Current
(A)

2 8.2V 0.71A
3 10.9 V 0.9A Over-shoot
4 104V 0.87A

ﬁ 5 10.1 V 0.83A

6 10.1V 0.83 A
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Method: Takagi Algorithm
— PMU data (120 samples/sec = 2 samples/cycle)
— M class (C37.118.1a-2014)

3 cycle fault

— Actual: 3 km; Estimated: 6.7 km

m Bay1.Va.

m Bay1.Vb.

m Bayl.We.

m Bayl.la.

m Bavi.lb.

m Bayi.lc.

Seconds

100

W N N W N EO . W O AW WAl [ LY L VAN S

eg YR AR A NITREN AR,
e IEEE R RN R EEEE R NS,

o L LI P PR P LT L LA
e ST T PR T P T T S P T Y T
P EESREE RN | ERAEREREE |
e Uﬁuﬂuﬂ uf 'luﬂu ."'.\\{rj"tU uﬂuﬂu."‘. JJF'.U uf llu Uﬂuﬂuﬂ ’ Uﬂu BYIRYE
100 AT AT
15.0

fa i

s A
0 I T
-10.0 \Uj U
-15.0

0200 -0180 -0160 -0.140 -0.120 -0.100 -0.080 -0.060 -0.040 -0.020




Impedance Based Fault Location : M CI, EERL

» Effect of the fault duration (single phase to ground fault)

Duration (cycles) Actual Distance (km) | Estimated Distance
(km)

3 4.0 km 6.7 km

4 4.0 km 3.8 km

ﬁ 5 4.0 km 3.9 km

6 4.0 km 4.0 km
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Analysis of Actual Fault Records

e Test Cases

— 3-cycle fault leading to SSO/SSCI condition
« Application: a windfarm connected to a series compensated line

— SSO/SSCI
« Application: a windfarm connected to a series compensated line

22
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3- cycle fault leading to a SSO/SSCI

Sub-harmonics

SHz Window Resolution
cazel : 05/23M2,09:15:18.441148
= Current 1 A = Current1 B = Current1 C

X 42389 A
|"| hof

O #2482 A
Illll\ J A+0.093 A

Sub-Harmonic Magnitude (RMS)

2.00
0.0 p ] . M i - ot
0 5 10 15 20 25 30 35 40 45 50 55
Sub-Harmonics
B Current 1A B Current 1B B Current 1 C

Fundamental (A-RMS) 0.753 0.706 0723
TSHD %) 244 555 264247 279253
Dominant 3H Freaguency (Hz) 24135 24185 24073

Dominant SH Maanitude (A-RMS) 1813 1.858 2013



 PMU Calculations: P- Class, 60 samples/sec : Magnitudes
3'd reporting followed by the fault

80 1

= CDR testin.Va 50 E\Q%#W AV
1
40 ]

= COR testin. Vi 30

20

m CDR testin. Vo 10

0
3.00

= COR testin.la 2.50

/i
2.00 i\
A

= COR testin.Ib 1.50 i f, H ! A
U A R——VY Y }Nvm AWAAMbAA
= CDR testin.lc 0.50 M}%M - VN/V . { V V V‘

Seconds 2520 2530 2540 2550 2560 2570 2580 2590 2600 2610 2620

1
!
0.00 -
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3- cycle fault leading to a SSO/SSCI

« PMU Calculations: P- Class, 60 samples/sec: Angles

3'd reporting followed by the fault
o 1

35.0
30.0
25.0 1 /
200
m CDR testin.\Va.Phase 15.0
10,0
50
0.0
-5.0
500
400
300
200
m CDR testin.la.Phase 100

1] i
=10 ’f i

=200
-300

;,A_.._

|1

ANS ANVZAVA
- ()

-

Effect of sub-harmonics

1

~ A
VAW
V

>

T~ \ AV
. .

<

Seconds 2520 25.30 2540 25.50 25 60 2570
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3- cycle fault leading to a SSO

PMU Calculations: M- Class, 60 samples/sec: Magnitudes
3'd reporting followed by the fault

= COR testin.Va

= COR testin Vb

m CDR testin.Vc

= CDR testin.la

= CDR testin. b

m CDR testin.lc

Seconds

60

0

40

=
|

L

o

| —"]

— ]

30

20

Tt

10

1]

Elfect

Of sub-ha|rmon|cs

3.00

2.50

v

2.00

[
ﬂi’“-"--'-ﬂ

1.50

==

1.00

Te——

0.50

P

WWJ&Q

ey

0.00

S

J}____{f Ry

bl

o

13.80

13.90

14.00

1410

1420 1430 1440

1450

1460 1470 1480
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3- cycle fault leading to a SSO

« PMU Calculations: M- Class, 60 samples/sec: Magnitudes
3'd reporting followed by the fault

150

100

20

m CDH testin.va.Phasze 0

Effect of sub-harmonics

LR =

m DR testin.la.Phaze 0

PVA T S —

=200

Seconds 1380 1390 1400 1410 1420 1430 1440 1450 1480 1470
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SSO/SSCI Event

e Sub-harmonics

SHz Window Resolution
CazeZ : 10/0&/07,07:15:19.923438

.0 = TR 1a. TRW A PH. = TRW.Ib. TRW B PH. = TRW.Ic. TRW C PH.

3.0

20 ' Frlr'llﬁln Irll.rlﬂhn.ﬂﬂ zjuiiii
'o A Sein L AU TR i b LAl D AR L o LR A T
004 vwi{\ Mﬁﬂ;:u

WATTE A

10 AN A VARV AV TEVATAVATAVIRTAYALT

20 U”“MMUU fW\HE’UHWUU yry ey

_ 010 0.20 0.30 Au.fm 0.50 E’.éu 0.70 0.80 0.90 ﬁﬁi
j Seconds | ﬂ fo200s

Sub-Harmonic Magnitude (RNS)
1.00

-

I].DI M l L b i b

0 5 10 15 20 25 30 35 40 45 50 55
Sub-Harmonics

B TRW.Ia. TRW A PH. B TRW.Ib. TRV B PH. B TRW.Ic. TRV C PH.
Fundamental (&4-RMS) 0.546 0536 0635
TSHD %) 159.726 146.783 156.706
Dominant SH Freauency (Hz) 11.204 11.351 11327
Dominant SH Maanitude (A-RMS) 1.023 0.950 1.012
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SSO/SSCI Event — PMU Reporting ?ERL

« PMU Calculations: 60 samples/sec: Magnitudes

P-Class

5.0
m CDR testin.la 40 P

o PR, |
= COR testin.b Ny a A ARYY W@W ‘ Higher effect
¥ g///s//%fw

= CDR testin.lc _‘;C.?r"&t

0.0
0.080 A=,

- M-Class
= COR testin.la 40

| RIS « Lower effect
= COR testin I 20 £ /\W
o el
ot

m COR testin.lc 0.0
10
Seconds 2310 2320 2330 73,40 2350 23,60 2370 23.80
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Summary

* Use of synchrophasor data for fault analysis purposes was investigated for
P and M filter applications(C37.118.1a -2014).

— Phasor data, Sequence components and impedance

* Analysis was carried out using simulated and actual fault data.
— P class filters require ~2+ cycle data to provide an acceptable accuracy
— M class filters require ~5 cycle data to provide an acceptable accuracy

» Impact of the sub-harmonics on the synchrophasor data was analyzed
using field reported SSO/SSR events.

— P class filter outputs showed higher impact compared to M class filter outputs.

* Further testing is being carried out with more recorded/simulated
events to make this analysis comprehensive

— Report for PRSV Task Team
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