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Presentation Outline

= PV Arc-Fault Types and the National
Electrical Code

= Arc Detection Methods

= Arc-Fault Product Requirements in
UL 1699B

=  Arc-Fault Product Limitations and
Tigo Energy Product Survey

=  Conclusions
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Arc-Fault Types

= 2011 and 2014 NECs require series arc-fault protection in PV
installations above 80 V
= Types of arc-faults

= Series Arc-Fault — Arc from discontinuity in electrical conductor
= Parallel Arc-Fault — Electrical discharge between conductors with different

potentials
= Arcing Ground Fault — Parallel arc-fault to the equipment grounding
conductor
A
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Most Inverters Have series AFCls o

=  Joe Schwartz, “2016 Single and 3-Phase String Inverter Specifications” SolarPro 9.1, Jan/Feb 2016.
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DC Arc-Fault Experiment ) s,
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Arc-Fault Detection

The conducted noise on the PV DC conductors is often used to identify when series

arcing occurs in PV systems.

= Generally frequency domain techniques are used to trigger the interrupting
device.

= Time-based methods have been proposed, but susceptible to noise.

= New techniques using wavelets and learning algorithms are actively being
researched.
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Arc-Fault Certification Standard ) s,

= Arc-fault circuit interrupters are listed using Underwriters Laboratories (UL)
1699B, “Outline of Investigation for Photovoltaic (PV) DC Arc-Fault Circuit
Protection”

= Not a standard yet! Needs to be improved and voted on by the UL Standards
Technical Panel (STP) to make UL 1699B an ANSI standard.

= STP continues to refine the test procedures, test configurations, and number/types
of experiments.

= At highest level: UL 1699B needs to verify AFCIs trip when they should and not
trip when they shouldn’t.
= The Sept 2013 STP meeting identified the following areas for development:
= DC power supplies for PV simulation. Need realistic test circuits.
= Arc generation methods. Need realistic arc-faults to detection tests.
= Test circuit parameters (e.g., ballast resistors, capacitors). Need realistic test circuits.

= Unwanted tripping tests. Must check AFCls for operation on different PV arrays.
7



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

= 4 tests are required with arc powers

between 300-900 W
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Steel
Stationary Moving
Electrode Electrode
— : Lateral
Insulating / Adjustment
| p— -
Clamps Sliding
Block — ™

Fixed Base

Arc Powers

N

Trip Times

7~ N

Arcing current (amps)® 9 Arcing voltage® (volts) Average Arcing Watts Approximate electrode, ax 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
e —— e

Trip times verified in K.M. Armijo, J. Johnson, R.K. Harrison, K. E. Thomas, M. Hibbs, A. Fresquez, “Quantifying photovoltaic fire danger reduction with arc-fault circuit
interrupters,” Progress in Photovoltaics: Research and Applications, 2014, doi: 10.1002/pip.2561.




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




Arc-Fault Noise at Initiation

Characteristic Spectral Content from Different Arc-Faults

FFT Current Amplitude (dB Amp)

k
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— Baseline PV Simulator Noise

There is variability in the
arc-fault noise for different
tests: ~20 dB range.
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Polycarbonats
Polycarbonate
— Polycarbonate
—— Polyrarbonate,
Polycarbonate:
Paolycarbonate,

, 025 inch flat slectodes. no hole, with wool, 300 W arc, Test 1
. 0.25inch flat electodes, no hole, with wiool, 300 W arc, Test 2
L 0.25 inch flat electodes, no hole, with wool, 200 W are, Test 3
. 025 nch flat elactodes, no hole, with wiool, 200 W arc, Test 4
. 0,25 inch fiat electodes, no hole, with wool, 300 Warc, Test 5
. 0.25 inch flat electodes, with hole, with wool, 300 W arc, Test 1

Polycarbonate, 0.25 inch flat electodes, with hole, with wiool, 300 W arc, Test 3
Mylon, 0.25 inch flat electades, with hole, nawaaol, 300W arc, Test 2
——— Nylon, 0.25 inch flat electades, with hole, nowool, 300W arc, Test 3
Mylon, 0.25 inch flat alectodes, with halg, nowool, 300W are, Test4
——— Nylon, 0.25 inch fiat electodes, wath hole, no wool, 300 W arc, Test 5
PET, 0.25 inch flat slectodes, vith hels, ne wool, 300 W arc, Test 1
——PET, 025 inch flat slectodes, vath hole, ne wiool, 200 W arc, Test 2
—PET, 0.25 inch flat electodes, with hole, no wiool, 300 W are, Test 3
— PET. 0.25 inch flat electodes, with hole, no wiool, 300 W arc, Test4
—PET. 0.25 inch flat electodes, with hole, no wiool, 300 1 arc, Test 5
Polycarbonate, 0.25 inch flat slectades. no hole, no wool, 100 W arc, T

Polycarbonats
Polycarbonta
—— Faolycarbonate,
— Polycarbonate,
Polycarbonate,
Paolycarbonate.
— Polycarbonate,

. 0.25 inch flat slectades. no hole,
, 0.25 inch flat electodes, no hole,
. 0.25 inch flat electodes, no hale,
. 0.25inch flat electodes, no hole,
L 0.25inch gt electodes . no hole,

no wool,
no wool
no wool
no wool
no wool,

100 W arc,
100 W arc,
100 W arc, T
100 W arc

100 W arc, Test B

025 inch fiat slectores, with hole, no wonl, 100 arc Test 1
L 0.25 inch flat electodes, with hale, no waol, 100 W are, Test 2

—— Polycarbonate, 0.25 inch flat electodes, with hole, no wiool, 100 W arc, Test 3
Palycarbonate, 0.25 inch flat electodes, with hole, no wool, 100 W arc, Test4
— Nylon, 0 25 inch flat electodes, no hole, no wool, 100 W arc, Test 1
——— Nyion, 0 25 inch fat slectodss, ne hole, no wool, 100 W arc, Test 2
Mylon, 0.25 inch fiat electodes, ne hole, no woal, 100 W arc, Test4
—— Nylon, 0.25 inch fiat alectodes, no hole, no wool, 100 WV arc, Test 5
PET, 0.25 inch flat electodes, no hole, no wool, 100 ¥ arc, Test 1
— PET, 0.25 inch flat electodes, no hole, no wool, 100W arc, Test 2
PET, 025 inchflat electodes, no hole, no wool, 100 W arc, Test 3
— PET, 025 inch flat slectodes, no hole, no viool, 100W arc, Test4
—PET, 0.25 inch flat slectodes, no hole, no wool, 100 W arc, Test §
— PET, 0.25 inch flat electodes, with hole, no wool, 100 Warc, Test 1
—PET, 0.25 inch flat electodes, with hole, no wiool, 100 W arc, Test 2
— PET, 0.25 inch flat electodes, with hale, no wiaol, 100 arc, Test 4
—Nylon, 0125 inch flat slectodes, with hole, no wiool, 100 W arc, Test 1
— Mylon, 0 125 inch flat electodes, with hole, no wool, 100 Warc, Test 2
— Nylon, 0125 inch flat electodes, with hole, no waool, 100 W arc, Test 3
— Nylon, 0125 inch flat electodes, with hole, no wiool, 100 W arc, Test 4
——PET, 0.125 inch flal electodas, with hole, no wool, 100 VY arc, Test 1
—— PET, 0.125 inch flat electodes, with hole, na wool, 100 W arc, Test 2
—PET, 0.125 inch flat electodas, with hole, no wool, 100 WV are, Test 2
—— PET, 0.125 inch flat electodes, with hole, no wool, 100 W arc, Test 4
PET, 0.125 inch flat electodes, with hole, no woal, 100 W are, Test S
— Polycarbonate, 0.125 inch flat electodes, with hole, nowoel, 100 W are, Test 1

Polycarbonate
Folycarbonate
— Polycarbonate

Polycarbonate.
— Polycarbonate.

Polycarbonate.
— Polycarbonate,

, 0,125 inch flat electodes, with hole, nowool, 100 W arc
, 0.125 inch flat electodes, with hole, no wool, 100 W arc
. 0,125 inch flat electodes, with hole, no wool, 160 W arc

L, Test 2
, Test3
. Testd

. 0.25 inch rounded slectrodas
. 0.25 inch rounded slectrodes
. 0.25 inch rounded slectrodes,
. 0.25inch rounded slactrodes,

Polycarbonate, 025 inch rounded slectmdes

with hele, ne wool, 100 WY arc, Test 1
with hole, no wiool, 100V arc, Test 2
with hole, no wool, 100 W arc, Test3
L with hole, no wiool, 100 W arc, Test4

with hols. no wool, 100 W arc, Test 5

-130

100

150

200

Frequency (kHz)

SNL Recommendations for arc detection experiments:

Larger (1/4”) diameter electrodes. “Pull-apart” generation method (no steel wool). A hole in
polymer sheath. Do not use rounded electrode tips. 300 W power.
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AFCl Unwanted Tripping ) o,

= Problems for manufacturers:
= Expensive retrofits/redesigns
= Hurt reputation
= Loss of business

= Problems for PV owner:

= Lost energy production — can go days (or months) before manually reset

= |f unwanted faults continue, the owner may remove the AFCI
= No longer code-compliant

= Safety feature designed to prevent fires, is no longer operational
— Life and property at risk

= UL standard should address unwanted tripping to establish a
minimum bar for market entry.

11



Unwanted Tripping Field Experiences @&z,

Unwanted Tripping Situation

1. Downward power step change.

2. Upward power/current step change.

3. Capacitive coupling (in conduit) from
dissimilar PV inverters.

4. Conducted DC/DC converter noise on the
PV system.

5. AC noise propagating to the DC with
transformerless inverters.

Evidence

Manufacturer experienced tripping when a portion of the array was
disconnected. Sandia witnessed unwanted tripping when PV simulator
irradiance is stepped down and when switching between the simulator
and real PV.

Manufacturer has seen high frequency noise when PV systems are
energized in the middle of the day.

Manufacturer discovered this problem and developed a new AFCI
algorithm to address the issue.

Sandia has seen this with prototype AFCls.

University of Berne reported problems with elevators injecting noise on
the AC side and causing DC tripping. A manufacturer stated a PV
system on a parking garage would trip when the lights turned on.

12



Sandia/Tigo AFCI Experiments ) .

= Tests replicate unwanted tripping experiences in the field
= 1 arc-fault test
= 1 masking test (“hiding” the arc-fault)
= 7 unwanted tripping tests

= Completed 9 experiments with 10 products at Tigo Energy’s Lab in
Los Gatos, CA
= 5PVinverters (all listed)
= 1 charge controller (unlisted)
= 1 combiner box (unlisted)
= 3 stand-alone AFDs (1 recognized)

J. Johnson, K.A. Armijo, M. Avrutsky, D. Eizips, S. Kondrashov, Arc-Fault Unwanted Tripping Survey with UL 1699B-Listed Products, 42nd IEEE
PVSC, New Orleans, LA, 14-18 June, 2015.



Unwanted Tripping Experiments

ARC-FAULT CIRCUIT INTERRUPTER AND ARC-FAULT DETECTOR ARCING, MASKING, AND UNWANTED TRIPPING RESULTS

Arc Detection Tests

Masking Tests

Unwanted Tripping Tests

1. Arc-fault Generation at

2. Masking with

3. Unwanted Tripping with

- N Inductance/Capacitance in 4. Loading Condition I
AFCT UL 16998 Product Different Power Levels Inductance/Capacitance Circuit
Product Compliance Specs n Charge
100-200 W+ 300 WA L c* 7 c* S]E:;;v;:;ﬂ 0priT|:|gi:e 5 [mr;zter Inv;;mr [nvgl;[er Im;t;mr lmu;.:mr Controller
Masked 234 Masked Teipon ';“P on Trip on Trip on
. Stand-Alone W arc with continuous P inrush and Trip on startup
& Criccormizad AFD Product ‘/ ‘/ 994 uH. ran arc with 1.5 ‘/ / / ‘/ en'uc}l’ 11:1"::1[3] startup inrush and ‘/
indefinitely uF B aperation period operation
Masked 234 Masked f— Tom Trip on ;{:EE Trip on
- Stand-Alone W arc with continuous inrush and 5 startup
B | vomis | SESME || | Emen | ommes | A AR - - i Y
indefinitely pF peried supply operation
169 W (36 Masked 234 Masked
5 Stand-Alone V,4.TA), W arc with continuous Trip (only
© Recognized AFD Product 30+ seconds, ‘/ 904 uH, ran arc with 1.5 '/ ‘/ '/ / / '/ '/ '/ onee) /
pull apart indefinitel: uF
8-string 169 W (36 208 W (42 Masked 234 Masked
. P V, 4.7 A), V,7.1A), W arc with continuous Trip (only
D Unk=ied C(::;&u:;g;x 30+ seconds, 20 sec, steel 004 yH, ran arc with 1.5 ‘/ / / ‘/ ‘/ / / / once) ‘/
pull apart wool, Inv. T | indefinitely uF
102 W (16 328 W (40 Masked
3.8KVA, 19, . ; Masked arc -
8 Cub V,6.4 A), V.82 4), 2 continuous
wr - 3 . - : - / fi /. fi /
E Listed mosrt;z with | oorods | 20seeonds, | M }?94 ——e T e v v v NA NiA N/A N/A N/A N/A
transformer pull apart pull apart i uF
324 W
82KVA, 19, (386V.84 .
Fe= Listed iy v 0, 7 see, v v V4 v v e N/A N/A NA N/A NiA WA
steel wool
Masked Would
30kVA, 14, Masked arc
G Listed inverter with Ve v with 994 ;Zn:’ll;"l“s) V4 v m:ﬂ.“’fy v NiA WA NA NA NA NA
transformer and 127 pH iE ) e s
Tripped . 2 N
. Tripped when Tripped with ;
H Listed AERR, ) Ve v _whea capacitor | 994,127and | [PPEd W v v A NA NA NA NA NA
TL inverter inductor 1.5 uF
: installed 82 pH :
installed
169 W (36 208 W (42
55 KVA, 14, V.47 A), V,7.14), r
I Listed TL inverter 30+ seconds, | 20 sec, steel N/A N/A N/A N/A v v NrA N/A NA N/A A WA
pull apart wool
14.4kVA. 10
] Unlisted charge v N/A N/A N/A v v v v NA N/A NA N/A NA NA
controller
Recommended for Manufacturer Testing ./ ./ / / / / / / Test using as many inverters, ccnve;zrjé Z:iﬂ:rge controllers as possible for stand-
Test with 1 Test with 3 Test with 1 Test with 3
mH unless mF unless mH unless mF unless . . .
. o p . » Test using 1 single phase inverter, 1 three-phase inverter, 1 converter, and 1 charge
LeErmmna A UL I8 Lo v v otherwise otherwise otherwise otherwise v v controller for all stand-alone devices going to be UL 16998 recognition
specified by specified by specified by specified by
the mfr. the mifr. the mif. the mfr.

A Test currently in the UL 1699B Outline of Investigation.
* Tests added to the UL 16998 Outline of Investigation in November, 2014.
#Tests not included in the UL 1699B Qutline of Investigation.
$ Only a single 1-phase or 3-phase inverter, converter, or charge controller is used as the load in the current version of Loading Condition I.
** These products are from the same manufacturer.
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National _
Laboratories
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J. Johnson, K.A. Armijo, M. Avrutsky, D. Eizips, S. Kondrashov, Arc-Fault Unwanted Tripping Survey with UL 1699B-Listed Products, 42nd IEEE

PVSC, New Orleans, LA, 14-18 June, 2015



Unwanted Tripping Experiments ) .

Arc-FAULT CIRCUIT INTERRUPTER AND ARC-FAULT DETECTOR ARCING, MASKING, AND UNWANTED TRIPPING RESULTS (CONTINUED)

Unwanted Tripping Tests
. 11. Injected Inverter
8. Inductive Coupling between Arrays 9. AC-DC Coupling = Broa_d ha_nd WO Signatures with Coupling
5. Loading 6. Loading Injection e
AFCI UL 16998 Product | Conditien | Condition 7&5:23‘:3? Tnverters
- m-DC - i
Ercduc Cenplbacs Specs Disconnect Irradiance T le}] lmgerﬂ Inverters Inverters Cll:;ac,e Inverters S:;l:;;" Vf«l:.:ll:m & ?:;tr Relay on 50 100 150 Noise Noise Noise
A Change* ransiorm F,G,H* EGTI | o E,G,H* M - A ACload* | ms* | ms* | ms* A* B @
ontroller
Square wave
. ; tripped at 100 Tripped
Stand- Tripped when
. kHz, 133 kHz, OnIDC with . .
A Unrecopnized | Alone AFD v 1PVamsy | Ho g7 o syatem v e v Power | VA | N | NA | NA NA N/A
Product is connected 76 kHz Trip Supply
with Inv. F
Stand- wipped at 1 and Tripped
B Unrecopnized | Alone AFD v v 2 kHz for many v oa1 v e v P‘;fﬁ WA | WA | WA | wa NA NIA
Product Inv.; Sine wave DC system Suppl
tripped 3-10 kHz PP
Square wave
Stand- tripped at 2kHz
c Recognized Alone AFD v v wiltg ;In{v, E 12- v oar v v v v WA | WA | WA | wa WA NA
Product z trips DC system
with Inv. H
8-string
. Combiner g ;
D Unlisted —— v v v v o v v v v WA | WA | wA | wa NA N/A
DC system
AFCI .
Tripped when
3.8kVA, 12 PV array
. 1, inverter is 7 q
E** Listed - v P, v v v v v v NA | NA | NA | NA N/A N/A
transformer or resistance
added
Tripped when
82 kVA, 12 P':J; array
Frr Listed 19, TL v ] e v v e v v v v NA | NA | NA | NA NA N/A
Cmies or 1esistance
added
3.0KVA,
G Listed 1. “;“ﬁna v v v v e e v v v v v WA | WA | WA | wa WA NA
42KVA
H Listed 1§, TL v v v v v v v v v WA | WA | WA | wa WA NA
inverter
55 KVA,
1 Listed 19, TL v v N/A v v v v v NA | NA | NA | Na NA NA
inverter
14 4KkVA, Square wave
I Unlisted 14 charge v v tripped at 1-2 v N/A N/A N/A NA NA | NA | NA | wa NA N/A
controller kHz and 4 kHz
Recommended for Manufacturer Testing / ./ / ‘/ ,/ / / Test as many devices as possible. / ./ ./ ./ / / /
Recommended for UL 16998 Inclusion v e Vv (with sine Test with same devices from Loading Condition I v v
wave injection)
A Test currently in the UL 1699B Outline of Investigation.
* Tests added to the UL 1699B Outline of Investigation in November, 2014.
#Tests not included in the UL 1699B Qutline of Investigation.
** These products are from the same manufacturer. 15
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Conclusions/Recommendations ) i,

= Difficult to balance detection sensitivity with resistance to
unwanted tripping.

= 9 detection, masking, and unwanted tripping experiments were
conducted on 10 AFD/AFCI products.
= 6 of the products passed UL 1699B and are UL-recognized or UL-listed.
= AFCI/AFD issues with all products.
= 1 inverter product did not experience unwanted tripping.

= Recommend manufacturers complete more comprehensive
unwanted tripping experiments.

= Recommend UL 1699B STP adopt some of these experiments
to improve products entering the market.

J. Johnson, K.A. Armijo, M. Avrutsky, D. Eizips, S. Kondrashov, Arc-Fault Unwanted Tripping Survey with UL 1699B-Listed Products, 42nd IEEE
PVSC, New Orleans, LA, 14-18 June, 2015.



Questions?

Jay Johnson
Photovoltaic and Distributed Systems Integration
Sandia National Laboratories
P.O. Box 5800 MS1033
Albuquerque, NM 87185-1033
Phone: 505-284-9586
jiohns2@sandia.gov

Sandia
National
Laboratories
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