Catching Falling Conductors in Midair — Detecting and
Tripping Broken Distribution Circuit Conductors at
Protection Speeds

Falling Conductor Protection
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SDG&E™ Overhead Distribution System

« Approximately 6,500+ miles of overhead distribution line
iInfrastructure

« Grounded three- and four-wire systems
* Nominally 12kV and 4kV

* High penetration of distribution PV requires new solutions
for monitoring, protection, and control
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Advanced SCADA Project Applications
More Than 60 Use Cases Defined

» Falling conductor protection (patented)

* Driven by high penetration of distribution PV
« \oltage profile monitoring and control

« Selective load shedding and restoration

* Power quality monitoring

« Apparatus and system condition monitoring



Advanced SCADA Features

* Increased accuracy of voltage and current
 Phase angle measurements across circuit
* GPS time-stamped data

» 30 synchrophasor samples per second for fast
measurement (60 samples/sec in the future)

« |[EC 61850 GOOSE messaging for real-time control
 Remote engineering access and event reports

« Advanced security features
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SCADA System Architecture

Advanced
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Substation
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SCADA System Architecture
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Private Long Term Evolution (LTE)

Advancing Communication
Making FCP More Secure
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Advanced SCADA

Locations
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Detect Broken Conductor and Trip Circuit Before
Line Hits the Ground?

Falling Conductor Timeline ECl]
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Sequence Components Analysis

Zero
Sequence

Single Phase

lao = lbo = lco

lp2
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lb1 = @2l, lp2 = ala2

lc1 = alay

lco = aZIaZ
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Open-Phase Analysis
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Detection Methods

« dV/dt (change detection)
* VO and V2 magnitude
V0 and V2 angle

PMU1) )

PMU2
Central Logic ) Al
> PDC »| Devices to
Controller / GOOSE T
e \ J Controls

\'4

C37.118
PMUA4 D




dV/dt Method

Conductor Break dV0/dt Supervision Check

Between PMU 1 and PMU 2

PMU1 PMU2 PMU3
dV/dt dV/dt dV/dt PMU1 PMU2 PMU3

>0 <X dVo/dt dVo/dt dVo/dt

X = threshold




V2 and V0 Magnitude Method

Conductor Break
Between PMU1 and PMU?2 Pickup Delay

PMU1 PMUZ2 PMUS3
V2 (or VO) V2 (or VO) V2 (or VO)
Magnitude Magnitude Magnitude

Between PMU2 and PMU3




V2 and VO Angle Method

Source 1 Source 2
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RTDS Feeder Model
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Example Lab Test Results

PV Off, Loop Open

PV On, Loop Open

Load %

PV%

FC1

FC2

FC3

FC4

Load % |FC1|FC2|FC3|FC4
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Arc Speed and Results Comparison
Number of Test Cases Versus dV/dt Pickup Times

20

Arc Speed = 0 m/s

— |

(ms) 0-99 100-199 200-299 300-399 400-499
mFC1 mFC2 mFC3 mFC4
Arc Speed = 5 m/s
ol Taal .
(ms) 0-99 100-199 200-299 300-399 400-499

mFC1 mFC2 mFC3 mFC4




Security Testing

Capacitor bank switching

Voltage regulator tap unbalance
= Angle method for = 4.5% voltage (6 taps)
= VO magnitude method for = 10% voltage (15 taps)

« Largest single-phase load switching

* PV operation

 |nternal / external faults



standard Chart

+ > [ILOC_351 10458  x [JLOC_1045R_1048R > [l LOC_351 487E

I = Location

.2000

.0000
44:32.9 AM 8:44:33.0 AM 8:44:33.0 AM

Results
Detection Screen

 |JllLOC_487E_735

06/23/15 08:44:33.100
LOC_351_1045R  0.000
LOC_1045R_1048R 0.000

0.000
0.000

LOC_1048R_437E 0.000

8:44:33.1 AM

Standard Chart

+ x [l v2Mag PicksUp FC  x [l V2Ang PicksUp FC  x [l VOMag PicksUp FC

= Method

x Il VOAng_PicksU

06/23/15 08:44:33.100
V2Mag PicksUp FC
V2Ang PicksUp FC
VOMag PicksUp FC

~4000

VOANg_PicksUp FC
+2000 dv/dT PicksUp FC  0.000
.0000

8:44:33.0 AM 8:44:33.0 AM

8:44:33.1 AM

standard Chart

+ x [lFCINIT  x AS20 351524  x [l 520-1045R 52A

= PMU Status

+2000

x [ll520-1048R 52A  x [ 520-4

06/23/15 08:44:33.100

0000

B:44:32.9 AM 8:44:33.0 AM 8:44:33.0 AM

8:44:33.1 AM

Standard Chart

+ x [lA520 351 NGVLL  x [l 520-1045R NGVL2  x [Jill 520-487E NGVL4

» [l 520-1048R NGV

1.0000

o G OO S E | rl 06/23/15 08:44:33.100

D AS20 351 NGVLL
520-1045R NGVL2

4000 520-487E NGVL4
520-1048R NGVL3

2000 520-735-1 NGVLS

.0000

8:44:33.0 AM 8:44:33.0 AM

8:44:33.1 AM




Inverter Response

PMU1

+ x [EAS20 351 vAPM  x lAS20 351 veem  x lAS20 351 VCPM
7.31K

j;=VA VB, VC

7.18K

06/23/15 09:17:36.833
AS520 351 VAPM 7308.920
A520 351 VBPM 7228.377

AS520 351 VCPM 7216.166

9:17:36.4 AM 9:17:36.6 AM 9:17:36.8 AM 9:17:37.0 AM 9:17:37.2 AM 9:17:37.4

Standard Chart
+ x [EAS20 351 V2

58.265

50.806
43,348 V 2
z 35.889

28.430

06/23/15 09:17:
A520 351 V2

20.972
9:17:36.4 AM 9:17:36.6 AM 9:17:36.8 AM 9:17:37.0 AM 9:17:37.2 AM 9:17:37.4

Standard Chart [ E =
+ x lAS20 351 VO ‘Voltage's Magnitude ~

3.0732

2.8641 VO
2.6549 06/23/15 09:17:36.833
1 2.4458 A520 351 V0 2.357
2.2367
2.0276
9:17:36.4 AM 9:17:36.6 AM 9:17:36.8 AM 9:17:37.0 AM 9:17:37.2 AM 9:17:37.4
Standard Chart mE=
+ x JAS20 351 V1 Wottage T magnitade "
7.25K
7.2aK
7.23K V1 06/23/15 09:17:36.833
; 7.22k A520 351 V1 7250.715
7.21K
7.20K

9:17:36.4 AM 9:17:36.6 AM 9:17:36.8 AM 9:17:37.0 AM 9:17:37.2 AM 9:17:37.4

« (Conductor break between PMU1 and PMU2

« PV inverter source ON




Results
dV/dt and Magnitude Methods

+ x [JMlLoC_351_1045R  x [EILOC_1045R_1048R x |EMlLOC_351 487E  x [lLOC_487E_735 x [EILOC_1048R 487E
09/21/15 22:01:34.066

1.0000
a6 LOC_351_1045R  1.000
.6000

; .4000 CO nd u CtO r B rea k —> tx-;g:sig;:‘mp‘ 0.000
.2000 i _
20000 LOC_487€_735

10:01:34.0 PM LOC_1048R_487E 0.000 BURRZ N ||

10:01:33.7 PM 10:01:33.8 PM 10:01:33.9 PM

wass V2 Magnitude —

Standard Chart
+ x [lV2Mag Picksup FC  x [l V2Ang PicksUp FC  x [l VOMag PicksUp FC  x [Jll VOAng_PicksUp FC  x [JlldV/dT PicksUp FC

Detects

1.0000
5000 09/21/15 22:01:34.066
- V2Mag PicksUp FC  0.000 :
dV/dt D Ay V0 Magnitude )
B t Detects —» VoMag PicksUp FC. 0.000
2000 V0ANg_PicksUp FC 0.000 Detects
.0000 dVv/dT PicksUp FC  1.000
10:01:33.7 PM 10:01:33.8 PM 10:01:33.9 PM 10:01:34.0 PM O 10:01:34.2 PM 10:01:34.3 PM 10:01:34.4 PM
Standard Chart
+ x [EFCINIT  x JlAS20 351 52A  x [Jll520-1045R 52A  x Jll520-1048R 52A  x [J520-487E 52A  x |l SystemFAULT
1.0000 05/21/15 22:01:34.066
.8000 FCINIT
.6000 H AS520 351 52A
I 4500 -+ Fa'“ng Conductor 520-1045R 52A
.2000 520-1048R 52A
= 520-487E 52A
10:01:33.7 PM 10:01:33.8 PM 10:01:33.9 PM 10:01:34.0 PM SystemFAULT 10:01:34.2 PM 10:01:34.3 PM 10:01:34.4 PM
standard Chart
+ x lA520351 NGVL1  x [l 520-1045R NGVL2  x [JlI520-487E NGVL4  x I 520-1048R NGVL3  x [l 520-735-1 NGVLS
1.0000
9/21/15 22:01:34.066
2000 AS520 351 NGVL1
.6000 -
520-1045R NGVL2
j o Trip Command —» i
-2000 520-1048R NGVL3
.0000 520-735-1 NGVLS
10:01:33.8 PM 10:01:33.9 PM 10:01:34.0 PM " 10:01:34.2 PM 10:01:34.3 PM 10:01:34.4 PM

10:01:33.7 PM




Field Installation and Testing

* First system installation in January 2015

 Falling Conductor Protection (FCP) in
monitoring mode

« Simulation of conductor breaks with
disconnect switch opening on recloser

* 100% correct operation

* Ethernet radio tuning required



Breaking Arc — Field Versus Lab Tests

Field Result RTDS Model
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Falling Conductor Zones

LINE
MONITOR

RECLOSER RECLOSER

TRAYER
SWITCH N.O.

VOLTAGE REG

VOLTAGE REG

LEGEND l

Zone 1

Zone 2 CIRCUIT

— Zone 4

O PMU

SUBSTATION




Synchrophasors show detailed circuit behavior
Capacitive voltage sensor discoveries

—

1 kV

Load Side .
Nominal
l Source Side 6.9 kV
) _u I ~ I M * um

A AR e et Sase e - b e i e N
Time

Phase A
Voltage

o
oo
—
<

2.8 kV/s

dVA /dt > 1000 V/s —>H J\
0

—-1.7 kV/s Time
577 Vs

dvO/dt > 400 V/is —»




one 1 dV/dt Operation

01

4 iSeed . . 8 > 12:07:15 AM t12:07:30 AM [ 207:45 AM 1 > &
tandard Chart 7518 8 [Stondard Chart dV/dt spikes at 1045R and 1048R =]
+ x [ |AS20 351 dvA/dT "ERsieg™=" | + x Il 520-1045R dVAZ/, g v
s i e Zone 1 break detected
19.513 | 1.31K L
B.257 37K /
02/28/16 00:07:40.700 02/28/16 00:07:40.700 02/28/16 00:07:40.700
[ ] — AS20 351 dVA/dT  -25.510 I Tkl 520-1045R dVAZ/d 2254.680 I ot 520-1048R dVAY/d] 2212.441
-14.254 -1.51K -1.47K ™~
-25.510 ~2.45K v -2.38K v
12:07:40.5 AM 12:07:41.0 AM 12:07:40.5 AM 12:07:41.0 AM 12:07:40.5 AM 12:07:41.0 AM
tandard Chart B8 "B "% [Standard Chart 08 "8 "X standard Chart mEY
+ [ |AS20 351 dvo/dT RRsiog™=" | + > [l 520-1045R dv0z/dT ARS8 | + x [l 520-1048R AVOY/dT Analsg =
147.57 1 2.09K 2.69K
92.47 | 1.29K /\ 1.60K /\
7.8, 02/28/16 00:07:40.700 K W4l 02/28/16 00:07:40.700 N 52K | . 02/28/16 00:07:40.700
[ Sl — AS520 351 dVO/dT  147.574 I S 520-1045R dV0Z/d1 2092.623 I T 520-1048R dVOY/d1 2689.596
-72.85 -1.11K -1.66K
-127.96 =-1.91 v -2.74K v

12:07:40.5 AM 12:07:41.0 AM

K
12:07:40.5 AM

12:07:41.0 AM

12:07:40.5 AM

12:07:41.0 AM

 Field Event — 28" Feb 2016
* FC detected by dV/dt between CB and R1




Zone 1 Current Spikes

# -') L& |

12:07:45 AM

}12 08:00 AM

e

€'Istandard Chart mER
M|+ [ ]A520351IAPM x| |A520 351 IBPM x| |A520 351 ICPM ‘Current 1 Magnitude =
193.53
270,48 Phase-C current spikes at CB PMU
158.96
I 147.44 02/28/16 00:07:40.700
135.91
' 12:07:40.6 AM |Gt oitiiad. 1 1.0 AM 12:07:41.2 AM 12:07:41.4 4
glstandard Chart EEw
e [ 5200340 x [ ]520-3334 10 x [ [520-13M1C Cire T i
SpALAEL Phase-C current spikes at VR1
es2m IA=385A
i IB=38.5 A
IC=923A
o w $20-1. w"lﬁ:;:
. 520-1225
i IA=253A
= IB=26.1A
IC=16.1A

12:07:40.0 AM 12:07140.1 AM

2:07:40.3 AM

12:07:40.5 AM

12:07:40.6 AM

Current spikes observed at CB and VR1, but not at VR2
* Indicates temporary fault between VR1 and VR2




RTDS Simulation

LINE
MONITOR

TRAYER
SWITCH

RECLOSER RECLOSER

LEGEND

<@
>

» Simulated Disturbance in RTDS

Vy Vy
NO. VOLTAGE REG

- Phase C —
- SLG Fault (High Resistance) VOLTAGE REG

- 0.01 seconds duration

SUBSTATION

Zone 1
Zone 2
— Zone 3

—— Zone 4
O PMU

- Speculated High Impedance Fault
CIRCUIT-

BREAKER




dl0/dt Supervision

Block FCP Schemes

for 1 second

dl0/dt > Threshold*

System Fault

* Threshold based on RTDS testing results

 dlI0/dt spikes at CB PMU used to block falling
conductor detection algorithms

« Temporary faults can be blocked using this
supervision



Lab Simulation — Before di0/dt

SYNCHROWAVE CENTRAL v1.8.1.205 @)
4 i3, .0 ) 3 l4::37-15 PM J4:07:30 PM na 7:45 PM [4:08:00 PM I ¢
standard Chart B8 B "X standard Chart 88 '8 X stendard Chart EE%
=+ x I A520 351 dvC/dT Analog™" = x [l 520-1045R dVCZ/dT "Aralog™=" = x [l 520-1048R dVCY/dT "Analog *
153.71 4.20K 5.89K
100.28 2.34K
46.86 30K,

03/07/16 16:07:44.600 03/07/16 16:0

144,600
I -6.57 AS520 351 dVC/dT  -61.216 =g 0-1045R dVCZ/d1 3532,40

-59.99 ' -3.52K | \/ -3.75K \/
-113.42 -5.47K I -6.15K

4:07:44.5 PM 4:07:45.0 PM 4:07:44.5 PM 4:07:45.0 PM 4:07:44.5 PM 4:07:45.0 PI
standard Chart B '8 % standard Chart §f '8 %' standard Chart mER
x [IlA520 351 dIo/dT | ®  x EE520-1045R dvOzZ/dT RRSISE™ S x [Hl 520-1048R dvOY/dT "Rnalog™*"
- x [l A520 351 dvo/dT - 6.37K 5.38K
300.10 I 3.30K 3.13K
197.81 Al = e
95.52 03/07/16 16:07:44.600 C0Q i =

6:07:44
520-1048R dvOY/d1 1576.5

141.405 [ | V -3.63K I V

AS20 351 dIO/dT 116,122 &g&
AS20 351 dVO/dT

-6.77
-109.06

-211.36 -8.97K

4:07:44.5 PM 4:07:45.0 PM 4:07:44.5 PM 4:07:45.0 P i 4:07:44.5 PM 4:07:45.0 P

standard Chart i) E %
4 x [ AV/dT PicksUp FC T
1.0000

8000

.6000
03/07/16 16:07:44.600
I .4000 / dV/dT PicksUp FC 1.0

.2000 /

.0000 1
4:07:44.2 PM 4:07:44.4 PM 4:07:44.6 PM 4:07:44.8 PM 4:07:45.0 PM

« Zone-1 mis-operation confirmed in lab

« dl0/dt block not implemented

« Mis-operation similar to field event




Lab Simulation — After dl0/dt

SYNCHROWAVE CENTRAL

v18.1.205 ()

4 ——4FN, 0 ) <{ 1:59:45 PM Nz:oa:on PM :00:15 PM ‘2:00:30 PM > &%
[l P
Standard Chart B 'S %X standard Chart fif '8 X' standard Chart mEE %
4  x EEA520 351 dvC/dT TARSBE™" 4 x [l 520-1045R dVCZ/dT AREEE™" & x [ 520-1048R dvCY/dT ~
1.02K 18.78K 23.86K /
66K 10.58K 14.33K f
.29K i 2.37 4.81
03/07/16 14:00:14.633 £.14:00:14.6 6 14:00:14.6 —
-i 07K AS520 351 dVC/dT  -390.820 i -5.541 520-1045R dVCZ/d1 7005.90 I -4.724 048R dVCY/d1 12286.710
43K ‘ 14.04K [ \/ -14.25K ‘ \ /
/
80K 22.25K -23.78K /
2:00:14.5 PM 2:00:15.0 PM 2:00:14.5 PM 2:00:15.0 PN 2:00:14.5 PM 2:00:15.0 P,
Standard Chart B '8 X' stendard Chart fifi '8 X standard Chart meER
- x [l A520 351 dio/dT - 4 x 520-1045R dv0Z/dT ARSIGE™ = x [l 520-1048R dvOY/dT ‘Analog ~
Analog @
x [l A520 351 dvo/dT 70.13K 69.95K
4.71K 41.11K 41.34K }’
2.66K A i

03/07/16 14:00:14.633
AS520 351 dI0/dT
A520 351 dv0/dT

I

2254.252)
1492.412 |

Y

2:00:14.5 PM

2:00:15.0 PM 2:00:14.5 PM 2:00:15.0 PN

Standard Chart

4 x [ dv/dT Picksup FC
.1000

.0600

.0200

Mis-operations
blocked by dl0/dt

2:00:14.2 PM

03/07/16 14:00:14.633
dv/dT PicksUp FC  0.000

-.0200

-.0600
-.1000

2:00:14.4 PM 2:00:14.6 PM

12.74l

03/07/16 14:00:14.6
'0-1048R dVOY/d1 52637.450

2:00:14.8 PM

-15.87
-44.48K ‘ U
-73.09K
2:00:14.5 PM 2:00:15.0 P
fEEwR
"Digital”~"
2:00:15.0 PM

« Zone-1 mis-operation simulated in lab

 dlO/dt blocks Falling Conductor scheme

« System abnormal alarm condition




System Protection is a Balancing Act

« SPEED FAST TO MINIMIZE DAMAGE
« SENSITIVITY RELAY SEES FAULT
« SELECTIVITY REMOVE FAULTED ELEMENT ONLY
« SECURITY DO NOT TRIP FALSELY

« SIMPLICITY SIMPLE CONTROL SCHEMES



FCP Compliments Existing Layers of Protection

FCP — Falling Conductor Protection detects break in conductor
= Fastest — trips before the fault
» Coordination — FCP should be first

Overcurrent — Time and Instantaneous
=  Simple coordination

SGF — Sensitive Ground Fault detects high-impedance ground fault
= Slow - 3.510 5.5 seconds

Advanced SGF - More sensitive than SGF using adaptive set point,

spike counting, and/or harmonics
= Slower — > 5 seconds



FCP Limitations

 Does not detect wire down without break

* Needs fast, secure, and available communication path to
circuit PMUs

« Uses voltage from each protected circuit path end — a
journey of years for coverage

Learning features of new technology



Ease of Application

Key requirement achieved — no

circuit-dependent application settings

FCP logic only needs topology of

circuit and PMU IEDs
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Summary

« Advanced SCADA has 60 use cases including FCP

 FCP isolates broken conductors in 0.2 — 0.5 s (half the
distance to the ground) preventing the fault

 FCP is dependable in lab test including high PV penetration

 FCP mitigates HILP events — fire and hazard reduction

« Confidence built from secure and reliable field performance
« Compliments existing protection

« Scalable design needs only circuit layout information



Next Steps
« FCP of first equipped circuit commissioned on 11/18/2016

« Additional circuits equipped and commissioned in 2017-2019

* Pursuing ongoing work to reduce fire risk and enhance
public safety

 Installing new IEDs with PMU capable devices with
moderate additional cost

« SDG&E will be well positioned for future PV penetration

* QOverall goal of enabling FCP on 100% of HFTD Tier 2 and
Tier 3 circuits



Questions?



