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Abstract--The most difficult case for arc detection in PV systems is for a series arc. The most commonly-proposed solutions are based on the
broadband noise generated, but it is difficult to ensure immunity from other sources such as local r.f. noise and the associated PV inverter. In
this paper the possibility of arc detection by looking for evidence of chaos in the circuit current is reviewed.
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I.

INTRODUCTION

Fig.1 shows a simple photovoltaic system for power
generation. PV modules are connected in series and parallel,
generating DC power which is then fed into an AC power system
by an inverter. In the past decade there has been increasing concern
at the number of rooftop fires caused by DC arcing faults following
the failure of system components such as cables and connectors [1].
One of the key issues in providing protection against the effects
of arcing faults is their detection. In the case of a parallel fault such
as P in Fig.1 detection is relatively easy, as the fault current is fairly
high for a short time, due to the discharge of capacitors on the DC
side of the inverter. However a series arcing fault such as S
introduces additional resistance into the DC loop, and the arcing
current is lower than the normal load current, making detection
very difficult.

Fig.1 Typical PV system

Sustained DC arcs are possible in DC systems with voltages above about 15V (the
sum of the anode- and cathode-fall voltages) and currents above about 2A. The voltage
gradient in the arc column is of the order of 5 V/mm, and this falls slightly as current
increases, for the range of values found in PV systems.
Fig.2 shows typical waveforms for arc current and arc voltage for a DC arc drawn
between two electrodes in a PV system [2]. In this example, the gap between the
electrodes is increasing, and as it does so, the arc voltage increases and the current falls.
However, although this is nominally a DC system, there are considerable fluctuations
in the circuit current and arc voltage. Note that the "noise" in the circuit current is greater
during arcing than before the arc was drawn. The challenge for a DC arcing detector is
to be able to recognize the difference between these two conditions.
II.

DETECTION BASED ON BROADBAND NOISE
Fig.2 Arc voltage and current

Fuses cannot deal with series arcing faults because of the low fault current. Most arc
detection methods have been based on measurement of the broadband noise generated in the circuit current by waveforms such as shown
in Fig.2. Dini et al [3] give a detailed account of how the UL standards for arc-fault circuit interrupters were developed. Testing of
detectors is done using the UL "arc generator", which is used to produce a DC arc intended to be representative of a series arc in a PV
installation. Two 6mm copper rods are used as electrodes, with an adjustable gap, enclosed in a clear plastic tube. Before switching on,
some fine steel wool is placed in the gap. After switching on, the steel wool burns off quickly and triggers an arc across the gap.
Fig.3 shows frequency spectra measured by Dini et al using the UL arc generator, for frequencies up to 20kHz. The signal amplitudes
decrease by almost exactly one decade for each decade in frequency, confirming that the arcing has the characteristic of "pink" noise, for
which the amplitude falls as (1/f).
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The UL documents specify the required performance for an Arc Fault Circuit
Interrupter, and the National Electrical Code contains a requirement that PV systems
with a DC voltage of 80V or higher, on or penetrating a building, must have a listed
Arc-Fault Circuit Interrupter (or components to give equivalent arc-fault protection).
However it is not clear whether any product is yet available which fully meets these
standards.
Most of the published work on the detection of low-current DC arcs is based on
the higher level of broadband noise which is found in the circuit current when an arc
is present. The system used most commonly is to convert the current signal to digital
form using an A/D converter, then to use an FFT algorithm to give the frequency
response, which is then filtered and processed digitally in some way. Some systems
use analog filtering before digital processing. Usually a bandpass filter is used to
select the range of frequencies to be processed. Fig.3 shows that for frequencies
higher than 10kHz there is a very wide spread in amplitude, which makes it difficult
to distinguish between the arcing state and the normal state. Furthermore the signal
Fig.3 Spectra published by Dini et al
amplitudes are very low, which adds to the difficulty. Johnson [4] gave a summary of the key issues and highlighted two key challenges
for the detection of DC arcing in PV systems.
(a) Missed or delayed detection due to filtering in PV components (e.g., modules, connectors, bypass diodes)
(b) Nuisance tripping due to noise from electromagnetic coupling (crosstalk), inverter switching, and radio frequency (RF) effects
An early system was described by Boksiner and Silverman [5] in 1994, who were concerned with detecting DC arcing in
telecommunication systems. They proposed to measure the noise in the frequency band between 4Hz and 5kHz. If this was higher than a
certain threshold (set above the background noise level), then an arc was assumed to be the cause.
Boico and Obenhauser [6] used a frequency band of 40kHz to 100kHz in order
to be free of interference from the inverter. This (long-wave) frequency band is
used by certain services (such as maritime navigation) and a physically large PV
array is a very effective antenna to pick up these unwanted signals. It was also
noted that harmonics of the inverter switching frequency are still found in the 40100kHz range.
The patent by Hastings et al [7] gives the examples of current spectra shown
in Fig.4. The upper spectrum was obtained with arcing present, and the lower
spectrum without an arc. The gap between the two decreases as the frequency
increases, and they begin to overlap at the right hand side of the plot. The concept
used to detect arcing without nuisance tripping is as follows. Three frequencies,
such as 1kHz, 4kHz and 10kHz are selected, and the amplitudes of the current in
a narrow band around each of these frequencies is calculated. If all three
amplitudes exceed a threshold for a certain time (typically 30ms), an arc is
Fig.4 Current spectra, with and without arcing
assumed, and a trip signal generated. The patent also mentions the possibility of
selecting the three frequencies for a specific inverter so that they coincide with valleys in the inverter input current spectrum. Solar inverter
switching frequencies range from 8kHz (large inverter) to 20kHz (small inverter), and these frequencies and their odd harmonics will be
present in the input current.
III.

DC ARC FAULT DETECTION METHODS (CHAOS BASED)

Mathematical chaos can be produced in a physical system which is non-linear or turbulent. The electric arc meets these criteria. The
arc roots at the cathode and anode move around, and electrode material is injected into the arc column in various forms. The arc column
moves due to thermal convection, and in a real PV system an arc will probably move more than it does in the confined space of the UL
arc generator. All these effects give rise to fluctuations in the arc voltage, which are then reflected in the circuit current. These fluctuations
are not "noise", they are the real behaviour of the system.
Systems which behave chaotically can display fractals, geometric shapes that are self-similar, with portions which are endless
repetitions. Parker [8] dealing with the problem of DC arc detection in aircraft systems pointed out that variations in current during arcing
are not random, like Gaussian noise, they are chaotic. He stated that the frequency spectrum of the current of a DC arc exhibits fractal
properties, logarithmically distributed across the spectrum, indicating the presence of chaos. He also states that the fractal subsets in the
spectrum of a DC arc occupy less than one decade in frequency, so that sampling over this reduced frequency range is representative of
the whole. Although Parker did not publish actual spectra to support this, self-similar fractal shapes can be clearly seen in the spectrum
Fig.4, and the pattern repeats in less than one decade of frequency. Close examination of Fig.3 reveals similar behaviour. For the practical
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implementation, Parker used the concept of chaos only to choose a limited frequency band which includes one fractal subset, rather than
broadband. His preferred range was very low, 3Hz to 3KHz. He claimed that the advantage of using a low frequency is that signal is much
higher at these low frequencies, and therefore can be more reliably detected
Schimpf and Norum [9] developed a DC arc detector for PV systems, based on the detection of chaos, following Parker's work. A
bandpass filter with a range from 1kHz to 7.5kHz was used, which should include a fractal subset, according to Parker. They then simply
calculated the variance of the data, on the basis that the variance increases significantly when arcing in present and an arc was indicated
if a certain threshold was exceeded. This system worked well in laboratory tests but some difficulties were reported with tests on a PV
array.
However there are other (and better) ways of detecting chaos in experimental data. For example the "0-1" method was described in
2004 by Gottwald and Melbourne [10]. This algorithm accepts data as a time series and outputs 0 if the system is non-chaotic and 1 if it
is chaotic. The "0-1" algorithm has been proved to be very successful. For the DC arcing fault the input data could be the time interval
between successive events like pulses in the current.
IV.

CONCLUSIONS

Whether broadband noise, chaos, or any other method is used the first decision to be made is the range of frequencies to be examined,
after analog or digital filtering. Almost all of the spectral power during arcing is contained below 10kHz. At 10kHz the signal amplitude
is roughly 0.01% of the DC value. For higher frequencies the signal is very small and highly attenuated, so that the distance at which arcs
can be detected is reduced. Schimpf and Norum state that " ...the arc-detector has to be tuned to rather low frequencies. It does not make
sense to try to detect an arc in the HF-range".
There is striking evidence of the existence of fractal self-similarity in published frequency spectra. Chaos based detectors are rooted
in the physical nature of arcing, rather than just regarding the arc as a source of noise. This is a promising concept but the amount of work
done on this is very small compared with that put into broadband noise detectors. Whether a chaos based detector would work reliably in
the presence of inverter noise remains to be seen. A chaos based detector may have to have a method incorporated for dealing with inverter
noise, in the same way as is done for broadband noise systems.
For further work, it is recommended that:
 For the best chance of reliable arc detection, sampling of the circuit current should be restricted by a bandpass filter to the low
frequency range from a few Hz up to 10kHz (or even lower). An upper frequency which is below the inverter switching frequency is
an attractive idea.
 For detection of chaos in the system the 0-1 method and other methods should be investigated.
 Whatever detection algorithm is used methods for suppressing or otherwise dealing with inverter noise will need to be addressed.
 Measured transient waveforms need to be made public so that researchers can investigate the efficiency of different algorithms.
 Details of experimental conditions, such as instrumentation and measurement techniques, time window and sampling rates should be
given when reporting results.
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