SAND2014- 4866C

Parametric Study of PV
Arc-Fault Generation
. . . Sand
Methods and Analysis of _ Exceptional service @ Natioral
| Laboratories
Conducted DC Spectrum

Jay Johnson and Kenneth Armijo
Sandia National Laboratories, Albuquerque, NM

40t Photovoltaic Specialists Conference

10 June, 2014
Denver, CO

SANDIA REVIEW & APPROVAL NUMBER:
2014-XXXXC

U.S. DEPARTMENT OF 7 YA T =7
G/ENERGY  J VA

Sandia National Laboratories is a multi-program laboratory managed and operated by Sandia
Corporation, a wholly owned subsidiary of Lockheed Martin Corporation, for the U.S. Department of
Energy’s National Nuclear Security Administration under contract DE-AC04-94AL85000.



https://sharepoint.sandia.gov/sites/Sandia_PV_Team/Photos/DETL/Aerials/IMG_0301.jpg

National

Arc-Fault Codes and Standards ) o,

= National Electrical Code® (NEC) 690.11
= 2011 NEC requires arc-fault mitigation for PV systems on/penetrating a building
= 2014 NEC requires arc-fault mitigation for all PV systems

= Arc-fault circuit interrupters are listed using Underwriters Laboratories
(UL) 16998B, “Outline of Investigation for Photovoltaic (PV) DC Arc-Fault

Circuit Protection”
= Not astandard yet! Needs to be improved and voted on by the UL Standards Technical
Panel (STP) first.
= To move UL 16998 to a certification standard, the outline of investigation must be
improved.
= The Sept 2013 STP meeting identified the following areas for development:
= Arc-fault testing parameters (e.g., inclusion of ballast resistors, capacitors, etc.)
= DC power supplies for PV simulation
= Unwanted tripping tests
= Arc generation methods



Arc Generation Research Goals ) g

= Determining the most repeatable, ‘worst case’ tests for adoption
by the UL 1699B STP

= The ideal UL 1699B arc-fault generation method:

= reduces experimental setup complexity
= improves testing repeatability

= minimizes arc-fault radio frequency (RF) noise because this is how many arc-
fault detectors identify a fault




Arc-fault generation in UL 1699B

= Currently UL 1699B requires the arc
to be created with a tuff of steel wool
between the %" Cu electrodes

= Electrodes are set to a fixed gap
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= 4 tests are required with arc powers
between 300-900 W

Arc Powers

N

Trip Times

Arcing current (amps)® 9 Arcing voltage® (volts) / Average Arcing Watts 2 Approximate electrode, A Max time (sec) ©
inches (mm) P
7 43 300 116 (1.6} 2
7 71 500 316 (4.8) 1.5
14 46 650 1/8 (3.2) 1.2
14 64 900 1/4 (6.4) 0.8

R ——




Alternative arc-fault generation methods

The following variables were parameterized:

Arc
Power

Sheath Electrode Electrode
Material Diameter Tip
Polycarbonate

1/8 inch

Rounded Tip

Hole for
O, Ingress
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Steel Wool
Igniter

1/4 inch .

Nylon 6,6 Flat Tip No Hole No Steel Wool
Test Number Arc Power Polymer Electrode Diameter  Electrode Tip Hole Steel Wool
1 (UL 16998B) 300 W Polycarbonate 1/4” Flat No Yes

2 300 W Polycarbonate 1/4” Flat Yes Yes

3 300 W Polycarbonate 1/4” Flat No No

4 300 W Polycarbonate 1/4” Flat Yes No

5 300 W PET 1/4” Flat Yes No

6 300 W Nylon 6,6 1/4” Flat Yes No

7 100 W Polycarbonate 1/4” Flat No No

8 100 W Polycarbonate 1/4” Flat Yes No

9 100 W Nylon 6,6 1/4” Flat No No

10 100 W Nylon 6,6 1/4” Flat Yes No

11 100 W PET 1/4” Flat No No

12 100 W PET 1/4” Flat Yes No

13 100 W Polycarbonate 1/4” Round Yes No

14 100 W Polycarbonate 1/8” Flat Yes No

15 100 W PET 1/8” Flat Yes No

16 100 W Nylon 6,6 1/8” Flat Yes No

17 300 W Polycarbonate 1/8” Flat Yes No
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Arc-fault Noise Signatures ) ..

= Discrete Fourier Transforms (DFTs) of the DC current during the arc-fault
tests were saved at a rate of ~0.28 DFTs/sec.

= Arc stability and polymer pyrolyzation determine arc-fault noise patterns

= |f liquid polymer, steel wool, or copper dust from electrode enter plasma stream the arc
can flicker or self-extinguish

=  Only the first 2 seconds are of importance because the AFCI must trip by that point to
pass UL 1699B.

No Hole Identical Tests with Hole
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Spectral content for Polycarbonate, 0.25 inch flat electodes, with hole, no wool, 100 W arc, Test 3

Spectral content for 0.25 inch flat . no hole, no wool, 100 W arc, Test4 Spectral content for Polycarbonate, 0.25 inch flat electodes, with hole, no wool, 100 W arc, Test 2
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Arc-Fault Noise at Initiation

Characteristic Spectral Content from Different Arc-Faults
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There is variability in the
arc-fault noise for different
tests: ~20 dB range.
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—Baseline PY Simulator MNoise
Polycarbonate, 0,25 inch flat slectodes, no hole, with wool, 300 W arc, Test 1
Polycarbonate, 0,25 inch flat slectodes, no hale, with waol, 300V arc, Test 2
Palycarbonata, 0,25 inch flat elactodes, no hoe, with waoaol, 200 W arc, Test 2
—— Palycarbonata, 0,25 inch fat electodes, no hole, with wool, 300V arc, Test 4
Palycarbonate, 0,25 inch flat electodes, no hale, with waol, 200 W arc, Test 5
= Palycarbonate, 0,25 inch flat slectodes, with hole, with waoal, 300 VW are, Test 1
Palycarbenate, 0.25 inch flat electodes, vith hole, with wool, 300 W are, Test 3
Rlylon, 0.25 inch flat electodes, with hole, no wool, 300 W arc, Test 2
——— Myion, .25 inch fiat electodes, with hole, nowoel, 300 Warc, Test3
i, 0.25 inch flat electodes, with hale, no weool, 200Ware, Testd
—— Mylon, 0.25 inch fat electodes, with hole, no wool, 300 W are, Tests

PET, 0.25 inch flat electodes
——PET. 0.2% inch flat electodes
—PET, 0.25 inchflat electodes
——PET. 0.2% inch flat electodes
—PET. 025 inch flat electodes

with hele, no wiool, 200 W are, Test 1

vith hele, ne weoel, 200 W arc, Test 2
L with hele, no wiool, 200 W arc, Test 2
_vith hele, ne wool, 200 arc, Test4
with hele, no wool, 300 W arc, Test S

— Palycarbonate
Polycarbenate
Polycarbonate
Polycarbonate
— Paolycarbonate
Palycarbonate
Palycarbonate
— Palycarbonate
Folycarbonate
FPalycaronate

. 0.25 inch flat slectodes. no hole.
. 0.25 inch flat slectodes. no hols,
025 inch fiat slectodes, no hole,
. 0.25 inch flat slectodes. no hole,
. 025 inch flat electades. no hole,
025 inch flat electodes, no hole,

no wool. 100 Warc
nowool. 100 Warc

nowool 100 W are,

no wool, 100 VWarc

o wiool, 100 W arc,
no wool, 100W are,

. Test1
Tast2
Test 3
Test4
Test 5
Test 6

035 inch fiat electodes, with hole, nowocol, 100 arc, Test 1
025 inch filat electodes, with hole, no wiaol, 100W are, Test 2
. 0.25 inchflat electodes, with hole, no wool, 100W are, Test 3
. 0.25 inch fiat electodes, with hole, no wool, 100W arc, Test 4

— Mylon, 0 25 inch flat electodes, no hole, no woal, 100 W arc, Test 1
———hlyion, 0 25 inch fiat electodes, no hoele, no wool, 100 W arc, Test 2

Mylon, 0.25 inch fiat electodes, no hole, no wool, 100 W arc, Test4
———kylon, 025 inch fiat electodes, no hole, no wool 100 W are, Test 5

FET, 0.25 inch flat electodes no hale
—PET, 0.25 inch flat electodes, no hale
FPET, 0.25 inchflat electodes, no hale
—PET, 0.25 inchflat electodss, no hole
—FPET, 0.25 inch flat electodes, no hole

 nowool, 100 W arc, Test 1
,nowool, 100W arc, Test 2
 nowoaol, 100 arc, Test 3
,nowool, 100 arc, Test4
,nowoal, 100W arc, Test 5

—PET, 0.25 inch flat electodes, with hole, ne wool, 100 W arc, Test 1
—PET, 025 inch flat electodes., with hole, no wool, 100 W arc, Test 2
—PET, 025 inch flat electodes, with hole, no wool, 100W arc, Test4
—Mylon, 0,125 inch fiat electodes, with hole, nowool, 100 W arc, Test 1
—Mylon, 0 125 inch flat electodes with hole, nowool, 1009 arc, Tast 2
—Rlylon, 0 125 inch flat electodes, with hole, nowool, 100 W arc, Tast 3
—Mylon, 0125 inch flat electodes with hole, nowool, 100 W are, Test 4
—PET, 0.125 inch flat electodas, with hole, no wool, 100 WY arc, Test 1
——PET, 0.125 inch flat electodas, with hole, nowool, 100V arc, Test 2
—PET, 0125 inch flat electodas, with hole, no wool, 100 arc, Test 2
—PET, 0.125 inch flat electodes, with hole, no wool, 100 W arc, Test 4
PET, 0.125 inch flat electodas, with hole, no wool, 100 W arc, Test 5
Fualycarbonate, 0125 inch flat electodes, with hole, nowool, 100 W arc, Test 1
Falycarbonate, 0125 inch flat electodes, with hole, no wiool, 100 W arc, Test 2
— Falycarbonate, 0125 inch flat electodes, with hole, nowiaol, 100 W arc, Test 2
— Puolycarbonate, 0,125 inch flat electodes, with hale, no wool, 160 W arc, Test 4

vl ot | ]|

Polycarbonzte
— Polycarbonate
Polycarbanats

Polycarbanate

. 025 inch munded slectrodes, with hele, no wool, 100 W arc, Test 1
. 025 inch rounded slectrodes, with hole, no wool, 100 W arc, Test 2
. 025 inch rounded electrodes, with hole, no wool, 100 W arc, Test 3
L 025 inch rounded slectrodes, with hole, nowool, 100 W4 arc, Test 4
. 0725 inch rounded slectrodes, with hole, no wool, 100 W arc, Test 5
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Factors for Noise Generation rh) s

Characteristic Spectral Content from 1/8 Inch Electrode Tests

—Baseline PV Simulator Noise
[MRange of Arc Noise for All Tests
—Color Traces are Each a Single 1/8 Inch Arc-Fault Test|

Characteristic Spectral Content from Tests With Steel Wool

Smaller electrodes
produce high noise
signatures due to
increased off-
gassing rates and
oxygen depletion.

Steel wool tests
had a large noise
range but the wool
tended to produce
signatures toward
the upper end of
the spectral band.
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Characteristic Spectral Content from Tests Without the Polymer Hole Characteristic Spectral Content from 300 W Arc-Fault Tests

—Baseline PV Simulator Noise —Baseline PV Simulator Noise
MRange of Arc Noise for All Tests

—Color Traces are Each a Single Arc-Fault Test Without the Hole|

[MRange of Arc Noise for All Tests

Holes produced :
slightly cleaner )
burning arc-faults,
possibly because of
the increased
presence of oxygen.

Higher power
arc-faults tend to
create more
stable, cleaner
burning, slightly
less noisy arcs.
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Rounded electrodes |
tend to produce less

arc-fault noise
because the arc-fault
is ‘cleanly’
established at the
center of the
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Characteristic Spectral Content from Rounded Electrode Tests

—Baseline PV Simulator Noise
[MRange of Arc Noise for All Tests.
—Color Traces are Each a Rounded Electrode Arc-Fault Test]

Arc-faults with
Nylon 6,6
created more
noise than the
polycarbonate
and PET tests.
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Conclusions rih) s

= A parametric study of various geometries, materials, and powers was conducted to
determine repeatable arc-fault certification tests for UL 1699B.

=  Frequency-based arc-fault detection would be the most difficult with the following:
= Larger (1/4”) diameter electrodes. Plus 1/8” tend to melt and weld at 300 W.
= “Pull-apart” generation method (no steel wool) . This is also more repeatable than using steel wool.
= Aholein polymer sheath. More setup time, but arcing is more consistent and repeatable.
= Rounded electrode tips. Not recommended because the machining time is onerous for test operator.

= 300 W power. Hard to tell, but it may have slightly less conducted noise.

= A 100 W arc-fault test has been recommended by the UL 1699B Arc Generator Task
Group because low power arcs cause fires and AFCls using time-based methods
would have difficulty with this scenario. (Frequency-based methods would not.)

= To establish low power arcs, the pull apart method is most consistent. To compensate for the
variability in operator-selected gap sizes, a =30% arc power tolerance is recommended.

= A hole will be allowed for more consistent arcing.
= Flat electrodes are preferred because creating rounded-tip electrodes with tight tolerances is difficult.

= Stay tuned for 1699B changes after the Sept 2014 STP meeting!

10



National

m Sandia
Acknowledgements Laboratores

Questions?

Photovoltaics Solar Evaluation Laboratory
Distributed Energy Generation Laboratory
Department of Energy

Underwriters Laboratory




