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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



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
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Most Inverters Have series AFCIs
 Joe Schwartz, “2016 Single and 3-Phase String Inverter Specifications” SolarPro 9.1, Jan/Feb 2016.
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DC Arc-Fault Experiment



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

 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 AFCIs for operation on different PV arrays. 
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Arc-fault generation in UL 1699B
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 Currently UL 1699B requires the arc
to be created with a tuff of steel wool
between the ¼” Cu electrodes

 Electrodes are set to a fixed gap

 4 tests are required with arc powers
between 300-900 W

Arc Powers Trip Times

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: 
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Test Number Arc Power Polymer Electrode Diameter Electrode Tip Hole Steel Wool

1 (UL 1699B) 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 
Power

100 W

300 W

Sheath
Material

1/8 inch

1/4 inch

Polycarbonate

Nylon 6,6

Electrode
Diameter 

Rounded Tip

Flat Tip

PET

Electrode
Tip

Hole

No Hole

Hole for 
O2 Ingress

Steel Wool

No Steel Wool

Steel Wool 
Igniter



Arc-Fault Noise at Initiation

 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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There is variability in the 
arc-fault noise for different 
tests: ~20 dB range.



AFCI Unwanted Tripping 

 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

 If 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. 
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Unwanted Tripping Field Experiences

Unwanted Tripping Situation Evidence

1. Downward power step change.

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.

2. Upward power/current step change.
Manufacturer has seen high frequency noise when PV systems are 
energized in the middle of the day.

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

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

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

Sandia has seen this with prototype AFCIs.

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

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. 
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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.



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
 5 PV inverters  (all listed)

 1 charge controller (unlisted)

 1 combiner box (unlisted)

 3 stand-alone AFDs (1 recognized)
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Unwanted Tripping Experiments
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Unwanted Tripping Experiments
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Conclusions/Recommendations

 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.
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Questions?

Jay Johnson
Photovoltaic and Distributed Systems Integration

Sandia National Laboratories
P.O. Box 5800 MS1033

Albuquerque, NM 87185-1033
Phone: 505-284-9586
jjohns2@sandia.gov
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