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A B S T R A C T   

This work presents an experimental study focused on the characterization of series arc faults in direct current 
(DC) photovoltaic (PV) systems. The aim of the study is to identify some relevant characteristics of arcing 
current, which can be obtained by means of low frequency spectral analysis of current signal. On field tests have 
been carried out on a real PV system, in accordance with some tests requirements of UL 1699B Standard for 
protection devices against PV DC arc faults. Arcing and non-arcing current signals are acquired and compared 
and the behavior of a set of indicators proposed by authors is analyzed. Different measurement equipment have 
been used, in order to study the impact of both measurement transducers and data acquisition systems on 
proposed indicators effectiveness. Presented results show that the considered indicators are suitable for detecting 
the arc presence even with commercial devices normally used for smart metering applications.   

1. Introduction 

The increasing demand and interest for green energy production has 
led to a widespread diffusion of distributed generation from renewable 
energy sources; in this framework photovoltaic (PV) systems play a very 
important role, with the deployment of PV plants of different sizes, from 
large “solar farms”, with a high number of panels strings, to small in-
stallations for residential and commercial applications. This has caused 
some safety risks and the need of proper solutions for fault detection and 
reliability assessment of PV panels, plants and related equipment [1–5]. 

In this framework a very important issue is the detection of arc faults 
occurrence [6,7]. Specifically, arc faults are unintentional arcing con-
ditions which may lead to fire ignition, unless they are promptly 
detected and extinguished by de-energizing the electrical circuit. The 
arc fault phenomenon can occur in both AC and DC electrical circuits. In 
PV systems, arc faults events can happen, due to various reasons, such as 
worn electrical insulation, components aging, stress, overheat or 
damaged wires and connectors. Arc faults can be basically classified in 
series arcs and parallel arcs [8]. Series arcs are due to a loss of continuity 
of a conductor, connection, module or other PV system components, 

while parallel arcs occur between two conductors or between a 
conductor and ground. Typically, series arcs detection is more chal-
lenging than parallel arcs detection. In fact, parallel arcs behaves as a 
sort of short-circuit and they are characterized by levels of current 
higher than the normal one; on the other hand, in the case of a series arc, 
the current amount is limited by the load of the PV system components 
themselves, thus normal and arcing current amplitudes can be very 
similar. Furthermore, the arc fault phenomenon is intrinsically random 
and intermittent; during a fault event, normal and arcing current por-
tions can follow each other in the current waveform; the arcing signal 
can be also filtered, masked or attenuated because of several factors, 
such as inverter distortion and noise or PV system topology, health and 
operating conditions, which can modify the arcing signal waveform and 
characteristics. Due to these reasons, the arcing condition may go un-
detected or a normal operating condition can be mistaken for an arcing 
one. 

At regulatory level, in order to protect against fire risk due to arcing 
occurrence, arc-fault circuit interrupters (AFCIs) have been introduced 
also for PV systems, as previously done for AC applications in dwelling 
units [9]. Since 2011, the U.S. National Electrical Code (NEC) requires 
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that all PV systems with DC circuits operating at 80 V or greater on a 
building must be protected by AFCIs [10]. The Standard UL 1699B was 
then introduced in 2012 and further updated on 2018 [11]. It covers 
requirements for DC PV arc fault circuit protection devices with rated 
voltage of 1500 V or less. These requirements cover devices including PV 
AFCIs, arc fault detectors (AFDs), interrupting devices and inverter, 
converters and charge controllers with integrated arc fault circuit pro-
tection. The Standard provides both construction and performance re-
quirements, including arc fault detection tests, “unwanted tripping” 
tests and related risk analysis, in order to cope with situations in which 
the AFCI may not trip even if an arc fault is present (trip failure), or it 
may trip, even when an arc is not present (unwanted trip). On the other 
hand, the Standard does not provide any specific requirement on the arc 
fault detection methodology. 

As regards the arcing current characteristics, there are some impor-
tant features in both AC and DC arcs. In AC systems, a typical arcing 
current is characterized by some distinctive features, such as “shoulders” 
(i.e. nearly flat zero-current segments in each half cycle, as current ex-
tinguishes before and reignites after the normal zero-crossing), high 
rates of rise and peaks, high-frequency broadband noise (from tens of 
kilohertz to about 1 GHz), non-stationarity. Such characteristics can be 
more or less distinguishable, depending on load conditions; for example, 
in the presence of masking loads, normal current can be very similar to 
that of an arcing condition and thus arc detection can be more difficult 
[12]. In comparison with AC phenomenon, a DC arc does not have zero 
crossing segments, thus it can be more persistent. Broadband noise re-
mains a prominent characteristic of a DC arc (up to about 1 MHz). 
Typically, due to the inductive behavior of cables, the noise level de-
creases as frequency increases. As already mentioned, DC arc charac-
teristics can be affected by noisy conditions and disturbances due to the 
normal operation of the electric system [13–19]. Generally speaking, arc 
noise and variation depend on a lot of factors, such as electric circuit 
materials and topologies, voltage and current level, load and supply 
characteristics. Cables length can act as an antenna, introducing noise in 
the frequency band of hundreds of kilohertz. Crosstalk effects and power 
electronic components can introduce harmonics and high frequency 
noise. Current steps and variations due to load shifting, inverter power 
adjustment or environmental phenomena (fast moving clouds, wind 
vibrations, etc.) can determine current waveforms similar to arc faults. 

Several papers and patents can be found in literature concerning arc 
fault detection in AC systems [12], and the research on DC arc faults is 
ongoing too, concerning both DC arc fault modeling and detection 
methods [20–31]. More or less realistic arc fault models have been 
introduced to develop and verify in simulation the arc fault detection 
methodologies. They can be classified in physics-based models (i.e. 
based on physical principles), V-I empirical models (i.e. obtained from 
experimental measurements) and heuristic models (which include 
additional parameters in the model to better correlate simulation and 
experimental data). Some of them can be usefully applied for applica-
tions on PV arc faults. However, even if such models can be useful for 
preliminary arc fault detection studies, they have some limitations due 
to implementation difficulties, validity ranges (in terms of arc type, 
current level or arc length), as well as for characterization of data 
acquisition and signal processing techniques, where real measurement 
issues should be taken into account (such as sampling requirements or 
computational burden, as well as accuracy features). Thus experimental 
studies are needed, in order to reproduce real arcing conditions, as well 
as to test real measurement and protection equipment (as required in 
[11]). Due to difficulties of modeling the arc condition some new data 
based or machine learning based techniques were developed. Also the 
arc fault detection methodology is still a challenging issue and a unique 
and complete solution, able to correctly operate in all working condition 
is not yet available. 

In this framework the authors have proposed and patented an arc 
fault detection method [32], based on the measurement of a set of in-
dicators mainly obtained from low frequency spectral analysis of the 

current signal. This entails some advantages concerning the constraints 
on measurement equipment features, in terms of both transducers, data 
acquisition systems and signal processing requirements. In fact, different 
problems can arise when measuring typical arcing parameters, such as 
those in the broadband frequency range; for example, such measure-
ments can require the employment of sophisticated signal processing 
systems, with high processing speed and/or sampling frequencies, or 
they can be affected by current transducers and data acquisition sys-
tems, which may have a poor frequency response and a low signal-to- 
noise ratio. On the contrary, by measuring the proposed indicators in 
the low frequency range, it is possible to reach a good tradeoff between 
sampling parameters and computational burden, without the need of 
sophisticated measurement instrumentation. This can also allow the 
implementation of metrics for arc fault detection in measurement plat-
forms commonly used for smart metering purpose, as well as their 
integration in commercial equipment installed in PV systems for various 
monitoring and management purposes (fault detection, efficiency and 
power quality measurements, field data acquisition, islanding detection 
and so on) [33–35]. In this perspective, in [36] the authors presented a 
preliminary study, which showed a qualitative comparison among 
waveforms and low frequency spectra of DC arcing and non-arcing 
currents; the comparison results confirmed that low frequency current 
spectra can be suitably exploited to distinguish the arc fault occurrence 
from normal operation. 

Starting from the preliminary results of [36], this paper presents an 
extended experimental characterization of the series arcs in DC systems, 
based on the measurement of the set of indicators proposed in [12]. The 
aim of the study is to investigate their suitability for DC arcs detection 
purpose, taking into account also the impact of measurement equip-
ment, i.e. transducers and data acquisition systems, on their effective-
ness. In more detail, in [36] a preliminary qualitative comparison was 
made between normal and arcing current signals and related low fre-
quency spectra. In this paper the experimental characterization is 
extended, by including the analysis of the behavior of the indicators 
proposed in [12] for the DC arc phenomenon characterization in the low 
frequency range. Both laboratory experiments and on-field tests are 
reported, where arcing and non-arcing current signals are compared and 
the behavior of the proposed set of indicators is analyzed. On field tests 
have been carried out on a real PV system, in accordance with some tests 
requirements of UL 1699B Standard. In all tests, current signals have 
been acquired with different measurement equipment; in detail, the 
experimental measurements have been carried out with the following 
different experimental setup configurations: a high resolution data 
acquisition board, with both a current shunt and a Hall effect current 
transducer; a low resolution data acquisition board with both the cur-
rent shunt and the Hall effect current transducer; a commercial platform 
for smart metering applications, with embedded transducer and data 
acquisition. The comparison among the results obtained with different 
metering equipment allowed verifying the feasibility of using common 
smart metering platforms even for arc detection purposes. 

The paper is organized as follows. Section II presents an overview of 
DC arcs detection methods. Section III summarizes the UL 1699B re-
quirements for arc detection tests and unwanted tripping tests. The 
experimental tests and the results obtained are presented and discussed 
in section IV. The results obtained show that the considered indicators 
are suitable for detecting the arc presence even when they are measured 
with commercial devices normally used for smart metering applications. 

2. DC arc faults detection methods 

The research on DC arc faults detection has been recently fostered by 
the growing interest and protection needs in DC power systems appli-
cations such as microgrids, electric vehicles, PV systems. Some arc faults 
detection methods have been specifically developed for PV systems; 
other solutions have been proposed for different applications, such as DC 
microgrids or electric vehicles, but they can be adapted also for PV arcs 
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recognition [19–24]. Most methods are based on current (and, less 
frequently, voltage) signal analysis, in both frequency and time domain. 

In the frequency domain, one of the most studied signal character-
istics is the broadband noise (typically from tens of kilohertz up to 100 
kHz). Some studies make a specific analysis of frequency components 
within the aforesaid bands; for example in [31] frequency components 
from 5 to 40 kHz are investigated, by means of a “circuit modeling” test 
setup, configured as those of UL1699B (i.e. test circuit setup for PV 
system emulation). Fast Fourier Transform (FFT) is generally used to 
evaluate amplitude and/or power of signal spectrum in specified fre-
quency bands; measured values are compared with given thresholds to 
discriminate between normal and arcing conditions. In this viewpoint, 

when predetermined thresholds are used, some limitations can arise 
with respect to methods robustness in real operating conditions, where 
arc characteristics can vary depending on noisy conditions, inverter 
operation and so on. To improve detection accuracy, the use of adaptive 
thresholds has been proposed, which are statistically determined from 
the analysis of the signal in subsequent observation windows; in these 
cases a problem to cope with is related signal changes during the normal 
operation of the system (for example start-up or power changes). As 
regards the measurement equipment and signal processing re-
quirements, broadband spectral analysis poses some issues concerning 
sampling parameters choice, observation window, frequency resolution 
and reasonable computational burden and complexity. In fact, for the 
implementation of the aforesaid methods, required sampling fre-
quencies and number of acquired samples are relatively high, if 
compared with the typical sampling and memory features of commercial 
platforms typically used for power systems measurements applications. 

Methods based on time domain and statistical analysis can allow 
lower sampling frequencies and computational costs. In such methods, 
RMS, magnitude or peak values of the current/voltage signal are 
measured for the arc detection purpose. To individuate distinctive high 
and random variations of arcing conditions, signal rate of change or 
difference of maximum and minimum value are monitored and 
compared with given thresholds. Statistical analysis, proper estimators 
and outlier analysis are proposed to evaluate the variance of the signal 
and to determine anomalies with respect to V-I characteristics which can 
be related to an arc fault occurrence. As for frequency domain analysis, 
main limitations of such approaches are related to threshold values used 
for distinguishing arcing from normal operating conditions and to noise 
and disturbances introduced by PV system equipment which can affect 
the arc detection capability. 

Some “multi criteria” methods have been also proposed to improve 
the arc detection accuracy; in such methods both time and frequency 
domain characteristics are simultaneously monitored (for example time 
domain fluctuations and specific frequency components spikes). Some 
solutions make use of Short Time Fourier Transform (STFT) analysis, 
where the trend is analyzed of the considered frequency components 
over time. In other cases, methods based on Discrete Wavelet Transform 
(DWT) or Wavalet Packet Decomposition (WPD) have been proposed to 
improve signal analysis resolution into the frequency bands of interest. 
Further methods are based on Artificial intelligence (AI) techniques, 
such as artificial neural network (ANN), support vector machine (SVM) 
or other machine learning techniques; In [28] an innovative algorithm 
for detecting L-L faults in PV arrays based on support vector machine 
(SVM) was proposed. However this approach was not tested in a series 
arc fault condition and also has the drawback of needing a large amount 
of date. The authors in [29] try to mitigate this drawback with the use of 
graph-based semi-supervised learning models. Generally speaking, for 
most aforesaid methods, main problems still remain concerning high 

PV module 

Inverter 

Arc Generator  
near inverter 

Arc Generator  
in the middle of string

Fig. 1. Scheme of UL1699B use case for arc detection tests. Use case of One string, one MPPT.  

Fig. 2. Arc Fault analysis flowchart.  
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computational burden, complexity and reliability. 
Only few methods for fault detection in PV systems make use of 

signal analysis in low frequency range (up to few kilohertz or lower). 
This is mainly due to the fact that environmental noise due to PV power 
electronics may overlap with low frequency components of the arc sig-
nals, and this can potentially affect the detection methods based on such 
signatures. However, as observed in [36], the possibility of exploiting 
low frequency analysis can allow reducing sampling requirements and 
computational burden, thus enabling the use of commercial acquisition 
and signal processing systems which typically have low sampling fre-
quency and limited memory and computational capabilities. In this 
framework, the choice of sampling frequency and number of acquired 
samples is crucial to obtain a good tradeoff between spectral resolution 
and the observation window. In fact, typical processing algorithms for 
frequency-domain analysis (such as FFT) are known to require the signal 
stationarity in the observation window. On the other hand, arc signal, in 
both AC and DC systems, is typically non stationary, thus the observa-
tion window should be as small as possible, in order to maintain valid 
the condition of stationary signal. This can cause a poor spectral reso-
lution. Thus, the algorithm used for the frequency analysis should be 
able to ensure a good spectral resolution even with very short obser-
vation windows. Furthermore, when dealing with the measurement 
chain, attention should be paid to the measurement transducers, whose 
behavior can be critical when high frequency components must be 

acquired and processed. The possibility to use low frequency analysis 
can allow to better face all the aforesaid problems. 

3. UL 1699B. Arc fault detection tests and unwanted tripping 
tests 

As already mentioned, the Standard UL 1699B [11] provide con-
struction and performance requirements of DC arc fault circuit protec-
tion devices, which are intended for use in PV electrical energy systems. 
The arc fault detector (AFD) provide protection from the risk of fire 
ignition due to arcing occurrence, by detecting the fault and enabling 
the power interruption. 

Requirements regarding the constructions of the different parts of the 
protection devices cover various aspects, such as corrosion resistance, 
internal wiring, type of insulation, type of power supply, operating 
mechanisms, programmable electronic components, safety re-
quirements for operation under power. As regards the devices perfor-
mance, several tests are required, in order to verify the correct devices 
functioning. Tests are specified under varying environmental conditions 
(temperature, humidity, corrosion, electromagnetic and power quality 
disturbances) and in presence of leakage currents, overvoltages, insu-
lation tests, mechanical tests. Arc fault detection tests and unwanted 
tripping tests are also considered to test the capability of correctly 
detecting the arcing conditions and distinguish them from normal 

Fig. 3. Scheme of the laboratory test bench.  

Fig. 4. Scheme of the on-field test bench.  
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operating conditions, even when noise or other disturbances may occur. 
As regards arc fault detection tests, the UL 1699B [11] defines the 

various application cases in which the device under test (DUT) must be 
tested, including the circuit requirements for the applicable use cases. 
For example Fig. 1 depicts the scheme for tests in the use case of one 
string PV and one Maximum Power Point Tracker (MPPT), where the 
different positions of the arc generator used for tests are highlighted. 
Other configuration tests involve the presence of two strings combined 
and one MPPT. In this case the arc generator can be positioned near the 
inverter or between two strings. If a combiner is involved in PV plant, 
the arc generator can be positioned near inverter or between two strings. 
Instead, if DC-DC converters are involved, the arc generator shall be 
inserted near the converter or in the end of the string. If more input 
module are connected to a DC-DC converter, arc generator shall be 
inserted between two strings connected to the converter. In case of 
microinverter, the arc generator shall be connected between panel and 
inverter. 

The Standard [11] provides also guidelines for the construction of 
the arc generator. In summary, the arc generator electrodes, one 
moveable and one stationary, shall be cylindrical, with 6,35 mm 
diameter, and made of solid copper or tungsten alloy; the electrode 
mating surfaces shall be parallel, flat, and vertical. 

The test procedure for series connection arcing test is also defined in 
[11], with specific requirements for the arc generator positioning and 
movements, sequence and number of tests to be performed, arcing tests 
conditions, voltage and current recording, DUT detection time. In 
summary, for each test the arc generator must be placed in one of the 
considered positions; at the beginning of the test the arc generator 
electrodes are in contact with each other and then they are separated to 
create the arcing condition. The DUT must detect the arc within the 
specified intervention time. 

A section of [11] is dedicated to the unwanted tripping tests, i.e. tests 
where particular operating conditions are reproduced where the DUT 
shall not trip. Different loading conditions are described, which cover 
the following situations: different inverters, converters and charge 
controllers (in both single-phase and three-phase cases); DC switch 
operation; irradiance step changes. For every loading condition, test 
circuits include one string and two strings configurations and the use of a 
DC/DC converter with one or two input modules. 

The DUT should be tested for each use case as applicable. To emulate 
the on-field operating conditions of a real PV plant, the UL1699B pro-
vide electrical circuits schemes values for building suitable test setups. 
They include full details for DC source, decoupling network and half/full 
string model (module and line impedance), with specified values for all 
circuit components, according to the different use cases. For example, in 
the use case of Fig. 1, two DC sources, decoupling networks and half 
string circuits are considered, in order to allow reproducing both tests 
with arc generator near to inverter or in middle of the string. 

With respect to the aforesaid requirements, in the experimental study 
presented in this paper, both laboratory and on-field tests were carried 
out. Laboratory tests were carried out on a simplified test setup with a 
DC source, a simple resistive load and the arc generator connected be-
tween them. This was made in order to make a preliminary character-
ization of the measurement setup and to investigate the behavior of the 
considered indicators (previously defined for the AC case) for DC arc 
faults detection in a simple case study; the simplified test bench allowed 
investigating the impact of measurement equipment features on the 
indicators effectiveness, without considering the influence of PV systems 
components and the inverter, which can introduce further noise and 
distortion on current waveform. On the other hand, to verify the feasi-
bility of the proposed indicators for PV DC arc faults detection, the on- 
field tests were carried out on a real PV plant, according to the 
UL1699B use case of Fig. 1. 

(a)   Acquired signal (Time [s]; Amplitude [A])

(b)   diff_i (Time [s]; Amplitude [A]) 

(c)   NF (Time [s]; Amplitude [dB]) 

(d)   diff_CZT (Time [s]; Amplitude [dB])

(e)   2nd harmonic (100 Hz) (Time [s]; Amplitude [dB]) 

(f)   diff_IIarm (Time [s]; Amplitude [%]) 

normal arcing

Fig. 5. Laboratory test with NI9239 and current shunt. Acquired current and 
measured indicators. 
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4. Experimental tests and results 

The experimental characterization has been carried out with the aim 
of investigating the feasibility of low frequency spectral analysis of 
current for DC arc faults occurrence detection. More in detail, the study 
has been focused on the behavior of the indicators originally proposed 

by the authors in [12] for the AC case, in order to verify their suitability 
for the distinguishing between arcing and non-arcing condition also in 
DC case. Furthermore, during the tests, the current signal were acquired 
by using different transducers and data acquisition devices, in order to 
analyze to what extent such equipment can affect the measurement of 
the considered indicators and their effectiveness for the arc fault 
detection purpose. Experimental tests have been carried out both in 
laboratory and on-field, by reproducing both non-arcing and arcing 
conditions, in order to compare the current waveforms and low fre-
quency spectra and the indicators behavior in both the absence and 
presence of the faulty condition. The following subsections describe the 
measured indicators, the test bench and metering equipment, the pre-
liminary laboratory characterization and the on-field tests. 

4.1. Proposed arc fault detection indicators 

In detail, in [12] the authors proposed an arc-fault detection strategy 
for AC systems, based on the measurement of a set of indicators mainly 
derived from low frequency spectral analysis of current; to allow 
obtaining a good resolution even with short observation windows, the 
chirp zeta transform (CZT) algorithm was chosen to measure the 
considered indicators. In this paper the indicators proposed in [12] have 
been evaluated in the case of DC arcs, in order to investigate their 
effectiveness in the DC case. In detail, the following four indicators 

Table 1 
Laboratory test with NI9239 and current shunt. Acquired current and measured indicators. Comparison between normal and arcing segments.  

Acquired current and indicators Normal segment Arcing segment 

Acquired signal (Time [s]; Amplitude [A]) 

diff_i (Time [s]; Amplitude [A]) 

NF (Time [s]; Amplitude [dB]) 

diff_CZT (Time [s]; Amplitude [dB]) 

2nd harmonic (100 Hz) (Time [s]; Amplitude [dB]) 

diff_IIarm (Time [s]; Amplitude [%]) 

Table 2 
Laboratory test with NI9239 and current shunt. Measured indicators. Compar-
ison between normal and arcing conditions. Mean values and standard de-
viations of measured indicators.  

Indicator Normal/arcingcondition Mean value Standarddeviation 

diff_i Normal 0.004 A 0.001 A 
Arcing 0.05 A 0.02 A  

NF Normal − 106.4 dB 0.5 dB 
Arcing − 77 dB 2 dB  

diff_czt Normal 5.8 dB 0.2 dB 
Arcing 9 dB 4 dB  

II harmonic Normal − 55.5 dB 0.2 dB 
Arcing − 50 dB 4 dB  

diff_IIarm Normal 0.3% 0.1% 
Arcing 9% 2%  

G. Artale et al.                                                                                                                                                                                                                                  



Measurement 182 (2021) 109770

7

defined in [12] have been considered:  

1. diff_czt, i.e. the mean value of the differences between the N samples 
(Sn) of two low-frequency amplitude spectra of the current, measured 
in two successive observation windows (T(k) and T(k-1)); it is given 
by 

diff czt =
1
N

∑N− 1

n=0

⃒
⃒SnT(k) − SnT(k− 1)

⃒
⃒ (1)    

2. diff_IIarm, i.e. the relative value of the difference between the 
maximum values of spectra samples Sn in the frequency interval 
[f2_min; f2_max], around the second harmonic (of the fundamental 
power system frequency), measured in two subsequent observation 
windows, T(k) and T (k − 1); it is given by: 

diff IIarm =

⃒
⃒
⃒max

[
ST(k)|

(f2 max)
(f2 min)

]
− max

[
ST(k− 1)|

(f2 max)
(f2 min)

] ⃒
⃒
⃒

max
[
ST(k− 1)|

(f2 max)
(f2 min)

] ⋅100 (2)    

3. NF, i.e. the noise floor, evaluated as the mean value of the N’ samples 
of residual current spectrum S′

T(k), which is obtained by removing 
the samples of both odd and even harmonics main lobes from the 
current spectrum ST(k); it is given by: 

NF =
1
N ′

∑

n∈N′

S’nT(k) (3)    

4. diff_i, i.e. the mean value of the difference between the N samples of 
current (in) acquired in two subsequent observation windows, T(k) 
and T(k − 1); it is given by 

diff i =
1
N

∑N− 1

n=0

⃒
⃒inT(k) − inT(k− 1)

⃒
⃒ (4) 

In previous formulas:  

- ST(k) is amplitude spectrum of the current iT(k) acquired in the 
observation window T(k);  

- N is the number of samples of ST(k);  
- SnT(k) and SnT(k− 1) are the n-th sample of the spectra ST(k) and ST(k-1), 

measured in the observation windows T(k) and T(k-1), respectively;  
- f2 max and f2 min, is the frequency interval corresponding to the main 

lobe of the second harmonic of the current spectrum S; 

- max
[
ST(k)|

(f2 max)

(f2 min)

]
is the maximum value of ST(k) in the specified fre-

quency interval [f2_min; f2_max];  

- max
[
ST(k− 1)|

(f2 max)

(f2 min)

]
is the maximum value of ST(k-1) in the specified 

frequency interval [f2_min; f2_max];  
- S’T(k) is residual amplitude spectrum of the current iT(k) acquired in 

the observation window T(k), which is obtained by removing the 
samples of main lobes of both odd and even harmonics from the 
current spectrum ST(k);  

- N’ is the number of samples of S’T(k);  
- inT(k) and inT(k− 1) are the n-th sample of the currents iT(k) and iT(k-1), 

measured in the observation windows T(k) and T(k-1), respectively. 

As detailed in [12], diff_czt and diff_i indicators are representative of 
the signal non-stationarity; in fact, if the signal is stationary, they as-
sume a very small value (ideally zero); on the other hand, if signal is non- 
stationary, the indicators values increase. NF is one of the most signifi-
cant parameters for arc recognition; in fact, it typically increases in arc 
presence. This was shown in literature with respect to broadband noise 
in the range of tens/hundreds of kilohertz; in this paper the noise floor 
and the harmonic components behavior is investigated in the low fre-
quency range (up to few kilohertz), instead. Finally, diff_IIarm is an in-
dicator of the trend of second harmonic (of the power system 
fundamental frequency); as shown in the following, in the study herein 
presented this indicator has been considered because during the 
experimental on-field tests it was observed that the acquired current 
signal was affected by harmonics even in non-arcing conditions; in detail 
a ripple at 100 Hz was observed, i.e. twice the fundamental power line 
frequency of 50 Hz (because of the inverter switching) [36]. 

Fluke 
A40B shunt

PR30 
HECT

NI
9239

NI 
6009

STCOMET

ARC GENERATOR AND METERING SECTION

DLEIFVPRETREVNI

Arc generator

Fig. 6. On-field test bench.  
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In Fig. 2 the algorithm flowchart is shown. Current is acquired and 
for each observation window T(k) the indicators (1)–(4) are evaluated. 
The length of the observation window is set in order to have a good 
resolution for CZT spectral analysis, even with short time windows; in 
the results presented in this paper, the observation window was set 
equal to 80 ms (as made in [12]). For each observation window, diff_i is 
evaluated starting from current samples, i.e. in the time domain, ac-
cording to (4). The other indicators are evaluated in the frequency 
domain, from the current spectrum obtained with the CZT algorithm. 

In detail, the measurement of the frequency domain indicators, i.e. 
diff_czt, diff_IIarm and NF, is made starting from a low frequency spectral 
analysis, in a frequency band up to few kHz. Most existing methods are 
focused on frequency components in higher frequency bands (tens or 
even hundreds of kilohertz), instead. However, the possibility of using 
low frequency spectral analysis allows using low sampling frequencies, 
such as those commonly used in commercial smart metering equipment 
(for example in the experimental tests herein presented, values up to 10 
kHz were used), with the advantages of reaching a suitable trade-off 

between sampling frequency, observation window length, memory re-
quirements, computational burden and cost effectiveness. 

4.2. Test bench and measurement equipment 

Experimental measurements were carried out both in laboratory and 
on-field, on a real PV power plant. The test benches for laboratory and 
on-field tests are schematized in Fig. 3 and Fig. 4, respectively. In 
summary, the test bench equipment for laboratory measurements 
(Fig. 3) were the following: (1) DC Power supply; (2) Hall effect current 
clamp-on transducer (HECT); (3) Current Shunt; (4) Arc generator; (5) 
Resistive Load; (6) STCOMET board; (7) NI-DAQ NI6009; (8) NI-DAQ 
NI9239. Current signals were acquired and processed by PC. As shown 
in Fig. 4, for on-field tests the arc generator and the metering section 
were between the PV field (1) and the inverter (5), in according to the 
scheme of Fig. 1 (arc generator near inverter [36]). The arc generator 
was built according to UL1699B [11]. During both laboratory and on- 
field tests, the arc generator was inserted or short-circuited, in order 

Table 3 
On-field test with NI9239 and current shunt and PR30. Acquired current and measured indicators.  

Acquired current and indicators NI9239 with current shunt NI9239 with HECT 

Acquired signal (Time [s]; 
Amplitude [A]) 

diff_i (Time [s]; Amplitude [A]) 

NF (Time [s]; Amplitude [dB]) 

diff_czt (Time [s]; Amplitude [dB]) 

2nd harmonic (100 Hz) (Time [s]; 
Amplitude [dB]) 

diff_IIarm (Time [s]; Amplitude [%]) 
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to reproduce both normal (non-arcing) and arcing conditions. 
Two types of current transducers and two data acquisition boards 

were used to sense and acquire the signal. Their main features are listed 
below. 

• Current Shunt: Fluke A40B, maximum current 5 A, nominal resis-
tance 0.16 Ω, accuracy ± 21 μA/A DC, ± 71 μA/A up to 100 kHz 
(95% confidence level).  

• Hall effect current clamp-on transducer (HECT): LEM PR 30, 
maximum current 20 A, instrument constant 100 mV/A, frequency 
range from DC to 100 kHz, accuracy ± (1% rdg + 2 mA), resolution 1 
mA.  

• NI-DAQ NI9239: four analog voltage differential input channels, 
simultaneous sampling, input range ± 10 V, maximum sampling 
frequency 50kS/s (10 kS/s was used in the tests herein presented), 
24-bit ADC delta-sigma with analog anti-aliasing prefiltering, alias- 
free bandwidth 0.453 of sampling frequency, offset 0.008% of 
range, gain 0.03% of reading, THD – 99 dB, noise 70 μV. 

• NI-DAQ NI6009: multifunction I/O device, four analog voltage dif-
ferential input channels (eight in single-ended mode), multiplexed, 
input range from ± 1 V to ± 20 V, maximum sampling frequency 48 
kS/s (10 kS/s was used in the tests herein presented), 14 bit ADC, 
absolute accuracy at full scale up to 14.7 mV, noise 0,5 mVrms for ±
1 V input range and 5 mVrms for ± 20 V input range). 

The measurement of considered indicators was implemented in 
LabVIEW environment. 

The measurements were carried out also with a further device, i.e. an 
EVLKSTCOMET10-1 by STMicroelectronics (named STCOMET in the 
following). It is a development kit for smart metering applications, based 
on STCOMET chip, which integrates both a modem for power line 
communication (PLC) and a metrology section. Main features of the 
metrology section are: nominal voltage 230 V, nominal current 5 A, 
sampling frequency 7.8125 kHz, − 3 dB bandwidth 0–3.6 kHz, 24-bit 
ADC delta-sigma. As regards voltage and current transducers, the 
STCOMET board includes a resistive divider used as voltage sensor, 
while both a shunt and a current transformer are available for measuring 
current; the shunt was used in the experimental tests. 

Thus, for each test, measurements were carried out with the 
following metering equipment configurations:  

• NI-DAQ NI9239 with current shunt;  
• NI-DAQ NI9239 with HECT;  
• NI-DAQ NI6009 with current shunt;  
• NI-DAQ NI6009 with HECT;  
• STCOMET with embedded current shunt. 

In this way it has been possible to investigate not only the indicators 
feasibility for arc fault detection, but also the impact of both transducers 

Table 4 
On-field test with ni9239 and current shunt. Acquired current and measured indicators. Comparison between normal and arcing segments.  

Acquired current and indicators Normal segment Arcing segment 

Acquired signal (Time [s]; Amplitude [A]) 

diff_i (Time [s]; Amplitude [A]) 

NF (Time [s]; Amplitude [dB]) 

diff_czt (Time [s]; Amplitude [dB]) 

2nd harmonic (100 Hz) (Time [s]; Amplitude [dB]) 

diff_IIarm (Time [s]; Amplitude [%]) 
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and data acquisition equipment on their measurement and effectiveness. 

4.3. Laboratory results 

In laboratory tests a DC power supply (Elind mod 500KL) and a 20 
Ω/100 W resistor were used for power generation and load, respectively. 
This allowed measuring the indicators and characterizing the data 
acquisition systems in a sort of ideal condition, without any disturbance 
or noise typical of real operating conditions (such as PV inverter noise or 
current variations). The arc generator was connected in series with the 
load, in order to reproduce series arcs conditions. During the tests, the 
arc generator was inserted or short circuited, in order to have both 
arcing and non-arcing conditions. 

As an example, Fig. 5 shows the plots of the acquired current and the 
indicators of eq. (1)-(4) during a laboratory test with NI-DAQ NI9239 
and current shunt. In the current plot of Fig. 5 (a), the normal (without 
arc) and arcing portions are highlighted. The plots of Fig. 5 (b)-(f) show 
that all indicators values are essentially constant during the normal 
operation, while they assume higher values and variability in the pres-
ence of arc. In Table 1, segments of normal and arcing current and 
related indicators are compared. Table 2 shows mean values and stan-
dard deviations of the measured indicators, for both normal and arcing 
segments of the current. It can be observed that the indicators variations 
from normal to arcing condition are significant thus they can be 
potentially used for arc detection purpose. Furthermore, in almost all 
cases, the amount of the indicators variations are higher than the related 
standard deviations. The best behavior is observed for NF; in fact a 
variation of about 30 dB is observed from normal to arcing condition, 
while the standard deviation of the measured values is not higher than 2 
dB. 

Similar plots, measured values and standard deviations were ob-
tained with the NI-USB 6009 and STCOMET. This suggests the possi-
bility to use also them for arc detecting purposes, even if the lower ADC 
resolution of NI-USB 6009 and the STCOMET conditioning circuit can 
significantly affect the indicator absolute values. For example, for noise 
floor, in normal conditions (DC power supply and no arc), differences of 
about 25–30 dB were observed between NI9239 NF measurements and 
those of the other devices. These phenomena have been observed also 
during on-field tests and they will be further explained in next 
subsection. 

4.4. On-field results 

On field tests were carried out in a 2 kW PV plant installed at the 
industrial site of Layer Electronics Srl (Erice, Italy). The on-field test 
bench built at Layer Electronics is shown in Fig. 6. The arc generator and 
the metering section were placed near the inverter, according to the use 
case of Fig. 1. The current was simultaneously acquired with all 
metering equipment configurations previously described, i.e.NI-DAQ 
NI9239 and NI-DAQ NI6009 with both current shunt HECT and STCO-
MET with embedded current shunt. Acquired signals were stored and 
processed by means of two laptops (one for managing data from NI-DAQ 
boards, the other one for managing data from STCOMET board). 

Table 3 shows some results obtained with the NI 9239 board and the 
two current transducers (Current shunt and HECT). By comparing the 
plots of acquired current and measured indicators, it can be observed 
that results are quite similar, thus the transducers does not impact 
significantly the indicators measurement. 

Table 4 shows a comparison between two segments of normal and 
arcing current and related indicators. It can be seen that the current plot 
is very noisy and it has a high variability, even in normal condition, due 
to inverter noise and variations on PV panels solar irradiance. However 
even in these on field tests, the indicators assume lower and almost 
constant values during the normal operation, while they have higher 
values and variability in the presence of arc. The indicators variations 
from normal to arcing condition are always significant, thus confirming Ta
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their effectiveness for arc detection purpose. The worst behavior is 
observed for the indicator diff_IIarm, due to the inverter ripple. As for the 
laboratory tests, similar plots and variation rates were obtained with the 
other measurement devices (NI 6009 and STCOMET). 

Table 5 shows the comparison between mean values and standard 
deviations of the indicators measured with the different metering 
equipment configuration listed in section IV.B (NI-DAQ NI9239 with 
current shunt; NI-DAQ NI9239 with HECT; NI-DAQ NI6009 with current 
shunt; NI-DAQ NI6009 with HECT; STCOMET with embedded current 
shunt). The results are related to the normal and arcing current segments 
of Table 4. It can be seen that the indicators measured with the different 
metering equipment have slightly different values; this happens even in 
normal conditions (and it is more visible for noise floor), due to the 
differences among the metrological features of employed instrumenta-
tion (particularly the data acquisition boards and the STCOMET). 
However, in all cases the indicators variation between normal and 
arcing conditions are higher than the variation due to the metering 
equipment features or time variability of operating conditions. Standard 
deviations are small if compared with the differences between the in-
dicators values in normal and arcing conditions. Thus the indicators 
obtained with low frequency analysis of the current signal can allow to 
achieve reliable information on arc occurrence, even with common 
equipment for smart metering applications or low-cost data acquisition 
boards, such as STCOMET or NI-USB 6009. 

Furthermore, the on-field results are consistent with those obtained 
in laboratory, where noise and distortion due to real PV systems com-
ponents and the inverter were not present. This confirm the feasibility of 
the proposed indicators for arc faults detection in PV systems, even in 
the presence of noise, distortion and non-stationary currents due to PV 
plant normal operation. For example, in the on-field tests, the current 
waveform in normal conditions was not stationary and distorted, 
showing a second harmonic (100 Hz) ripple, due to the operation of the 
inverter; however, this did not affect the feasibility of the proposed 
indicators. 

5. Conclusions 

This paper has presented an experimental study on DC series arc 
faults in PV systems using a set of parameters derived from low fre-
quency spectral analysis of current signal. The indicators used for this 
study were previously proposed by the authors for AC arc fault detec-
tion. The experimental characterization herein presented has been 
aimed at verifying both the indicators suitability for the DC case and the 
impact of different transducers and data acquisition systems on their 
measurement and effectiveness. 

Both laboratory and on-field tests on a real PV system have been 
carried out; the experimental setup has been built in accordance with 
tests requirements of UL 1699B Standard for protection devices against 
PV DC arc faults. Arcing and non-arcing current signals are acquired and 
compared verifying the behavior of each proposed indicators. 

Preliminary laboratory tests allowed comparing the different 
metering equipment (data acquisition boards and a commercial plat-
form for smart metering applications) in stationary conditions and in 
non-arcing conditions; the results put in evidence the different perfor-
mances of the equipment under test, in terms of noise and distortion due 
to ADCs and/or on-board signal conditioning. The same test in the 
presence of arcs gave a first positive feedback about the use of the 
proposed indicators also for the DC case. 

On field tests allowed investigating the behavior of the considered 
indicators in a more realistic case, where, even in the absence of arcing, 
the current signal is not stationary, due to inverter noise or operating 
conditions variations. According to UL 1699B such conditions can create 
problems in discriminating normal operation from arc faults occurrence. 
Tests have been carried out in both arcing and non-arcing conditions by 
using different transducers and data acquisition systems. The obtained 
results showed that: the employed transducers (current shunts and 

HECT) do not affect significantly the indicators measurement; the data 
acquisition equipment can have a higher impact on the measured values 
but the proposed indicators in any cases allow detecting arc faults 
occurrence, even with in the noisy and non-stationary conditions of the 
real case. 

In conclusion, presented results show that the considered indicators 
are suitable for detecting the arc presence even with commercial devices 
normally used for smart metering applications. In this viewpoint, the 
possibility of using low frequency analysis can allow reaching a good 
tradeoff between sampling parameters and computational burden. This 
can make feasible the use of low cost commercial platforms for power 
system measurements, with low sampling frequencies and limited 
computational and memory capabilities. This could also allow the 
implementation and integration of arc fault detection algorithms in 
measurement devices commonly installed at both AC and DC side of PV 
systems for various monitoring and management purposes, where low 
frequency spectral analysis can be suitable (fault detection, efficiency 
and power quality measurements, field data acquisition, islanding 
detection and so on). 
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