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ABSTRACT Arc fault detection is important technology to guarantee the safety of power systems and is
therefore essential for producing practical power systems for real-world applications. However, fuses and
arc fault detection devices (AFDD) struggle to detect series arc faults in DC systems, because the series arc
fault induces small current variation between the normal and abnormal conditions. In addition, switching
noise from the grid-connected inverter makes detecting arc fault conditions even more difficult. This paper
proposes arc fault detection algorithm based on the relative comparison of current variability in terms of
frequency spectrum and time series. The operational principle of the proposed algorithm is analyzed to detect
the arc fault condition. In addition, the investigation of arc fault impedance using the small-signal modeling
can obtain the resonant frequency of arc fault condition at low frequency range. From the impedance model,
the frequency analysis range can be designed to avoid the switching noise of inverter. The performance of
proposed arc fault detection algorithm is verified with a 3.8 kW grid-connected PV system and arc fault

generator.

INDEX TERMS Arc fault, fault diagnosis, dc-ac inverter, digital signal processor.

I. INTRODUCTION

The conventional grid system was developed based on power
generation from fossil fuels, which is primary source of
environmental pollution. This has spurred interest and invest-
ment in renewable energy sources (RES), such as photo-
voltaics (PV) and wind power, which are strong candidates
for obtaining clean energy [1]-[3]. In addition, the energy
storage system (ESS) can be one of candidates to improve the
energy efficiency [4]-[6]. Consequently, grid-connected RES
have grown drastically in recent years, which are increasingly
applied to the households and power distribution [7]-[9].
In addition, the interest in the safety of PV, ESS and its grid-
connected inverters is increasing. Specially, PVs and ESS
inherently handle a DC power, which can result in DC arc
faults between the PV and inverter. Fig. 1 shows the DC series
arc fault in the grid-connected PV and ESS systems. The
National Electrical Code (NEC) therefore requires arc fault
circuit interrupter (AFCI) installation in all PV DC systems
over 80 V to ensure the safe use of this RES.
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FIGURE 1. Structure of grid connected PV and ESS systems.

Two types of arc faults, parallel and series, can occur in DC
systems [10], [11]. Parallel arc fault can be easily detected
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by the large amount of current. However, detecting series arc
faults is difficult as only a small current change occurs, which
is not sufficient to melt fuses [12]. In addition, it makes hard
to detect the arc fault in the time domain. Furthermore, the
switching noise of inverter is dominant compared with the
noise caused by the arc fault, which makes arc fault detection
even more difficult in the frequency domain [13].

In previous research, several algorithms have been
invented to detect DC series arc fault condition. In [10], [14]-
[16], time domain analysis was introduced to detect the arc
fault condition, which uses current and voltage information.
These methods provide fast detection speeds with simple
circuits and algorithms, but they are susceptible to switching
noise and load variation. In [17] and [18], frequency analysis
was applied to detect the arc fault condition, which is based
on the fast Fourier transform (FFT) or short time Fourier
transform. They extracted the features of arc fault condi-
tion compared with the normal operation in the frequency
domain. In [19]-[21], the discrete wavelet transform (DWT)
and wavelet packet transform (DPT) ware also introduced
to detect the arc fault condition in the frequency domain.
This method decomposes the frequency response to improve
the resolution under the desired frequency range, which can
magnify the noise signal caused by the arc fault condition.
The previous research shows the multi-resolution analysis
with their adjustable window functions. However, the arc
fault detection performance using the frequency domain anal-
ysis depends on the frequency bandwidth selection. The con-
ventional detection range is several tens kilo-hertz, which
can degrade the detection accuracy by the switching noise
of the inverter [17]-[21]. In [22], [23], the artificial neural
network and support vector machines were introduced to
detect the arc fault condition. In addition, the traditional
machine learning, such as decision tree and fuzzy interfer-
ence system, were introduced to detect the arc fault con-
dition. The arc fault detection method based on the artifi-
cial intelligence uses various information for detecting fault
conditions. The safety issue requires high reliability for the
fault detection device. However, these methods have uncer-
tainty about detection failure, which should be improved in
the future.

In this paper, the arc fault detection algorithm is proposed
using the statistical analysis of arc current variability in terms
of time and frequency domains. The time domain analysis
uses the standard deviation of current variation according
to the arc fault condition, which cannot detect the arc fault
condition solely. The frequency domain analysis using the
fast Fourier transform (FFT) compares the relative magnitude
variation according to the arc fault and no arc fault con-
ditions. This paper also proposes the impedance model of
arc fault condition under the low frequency range using the
small signal modeling. From the analyzed impedance model,
the frequency spectrum range of FFT can be designed to
detect the arc fault condition and avoid the switching noise of
inverter. The operational principle of the proposed algorithm
and arc fault impedance model are analyzed in Section II and
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FIGURE 2. Frequency spectrum of PV DC current: (a) Normal condition
and (b) Arc fault condition.
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Section III. The performance of the proposed algorithm is
verified with a 3.5 kW PV systems in Section IV.

Il. IMPEDANCE ANALYSIS OF ARC FAULT

The DC and AC characteristics of arc fault condition were
analyzed in [25]. The previous impedance model presents
the DC and AC characteristics with negative resistance and
inductance. However, it cannot describe the AC character-
istics of arc fault condition under the low frequency range.
Fig. 2 (a) presents the base frequency spectrum of PV input
current at the no arc fault condition. Fig. 2 (b) presents the
frequency spectrum at arc fault condition. The arc fault con-
dition increases variability of PV input current compared with
normal condition. In addition, FFT results of arc fault condi-
tion has large magnitude variation at the low frequency range
compared with the normal condition. This frequency range
can avoid the switching noise of grid-connected inverter.
This magnitude difference is amplified at the low frequency
range with the variability of arc fault current and its resonant
impedance.

Fig. 3 shows the transient operation according to the arc
fault condition and resistance insertion. Fig. 3 (a) and (b)
presents the schematic of resistance insertion and the tran-
sient operation using the circuit breaker. This test-bed sys-
tem can simulate the arc fault condition with the resistance
insertion in the DC power line. The on-state and off-state
of circuit breaker shows the normal and abnormal condi-
tions, respectively. However, it presents no resonance at the
transient duration in the PV input current. Also, the line
impedance of designed system does not induce the resonance
in the PV current. Fig. 3 (c) and (d) shows the schematic of arc
fault condition and the transient operation using the arc fault
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FIGURE 3. Abnormal operation and dynamic response: (a) experimental
results of resistance insertion, (b) test-bed for resistance insertion, (c)
experimental results of arc fault condition, and (d) test-bed system of arc
fault condition.
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FIGURE 4. Experimental setup for gain-phase analysis.

generator. The designed test-bed system shows low frequency
response in the PV input current according to the arc fault
condition. From Fig. 3, the previous arc fault model using the
series connected resistance and inductance cannot describe
the low frequency AC characteristics of arc fault condition.
Therefore, arc impedance must be improved to obtain suitable
arc fault characteristics.
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FIGURE 5. Nyquist plot of arc fault condition.

The gain-phase analysis via frequency sweep can obtain
the impedance model of arc fault condition at the low fre-
quency range. Fig. 4 shows the linear amplifier (PAV5000,
PONOVO), non-inductive resistance, and arc fault generator.
The linear amplifier can generate DC and AC coupled voltage
and vary the frequency from DC to 5 kHz. It is proper to
measure the impedance characteristics at the low frequency
range (< 5kHz). The resistor has non-inductive components
(20 2 and 1.4 nH). The designed arc fault generator satisfies
the UL 1699B standard. The oscilloscope (Teledyne Lecroy,
Wavesurfer 4104HD) measures the voltage and current val-
ues, which can guarantee data precision with 500 MS/s. The
impedance according to the normal condition and arc fault
condition can be obtained, as follows:

Ztot,nor = Zin + Zioad (1)
Ztot,arc = Zin + Zload + Zarc (2)

where Z;, is the source impedance, Zj,,; is the load
impedance, Z nor is the total impedance at normal con-
dition, and Zy 4 is the total impedance at the arc fault
condition. From (1) and (2), the arc fault impedance can be
measured, as follows:

Zarc = Ztot,arc - Ztot,nor (3)

Fig. 5 shows the Nyquist plot using (3). The dots represent
experimental arc impedances. Notably, it has capacitance and
inductance at low frequencies. The chaotic variation of arc
fault resistance induces current variation, which is amplified
at the resonant frequency of arc fault as shown in Fig. 2 (b). In
addition, the increase of rod gap and decrease of input voltage
increase the negative resistance, inductance, and capacitance.

From the above Nyquist plot, the proposed arc impedance
can be estimated, as shown in Fig. 6. The dashed lines in
Fig. 5 show the theoretical arc impedance, and the DC neg-
ative resistance is shown at the resonant frequency (fi,s) of
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FIGURE 6. Arc impedance model at low frequency range.

Cure and Lg,., which can be described as follows:

Z(fres) = Ry (4)

The capacitive and inductive impedances are calculated at the
minimum and maximum frequencies (fi, and fq.) of AC
sweep, respectively. The theoretical impedance at the

minimum and maximum frequency can be described as
follows:

Z(fmin) = Ry + _ Rw (5)
e jwcarcRpZ +1
N JwLgreRp1
Z(fmax) = Rs + P (6)

JoLare + Rpi

In addition, the resonant frequency of arc fault impedance can
be derived, as follows:

1
27 N/ LarcCare

The resonant frequency of arc fault impedance is located
in the several kilo-hertz, which is lower than the switching
frequency of grid-connected inverter. The arc fault detection
near (7) can improve the reliability of designed detection
algorithm.

Jres = (N

IIl. ARC FAULT DETECTION ALGORITHM
The detection algorithm proposed here uses the arc cur-
rent variability. The preprocessing circuit extracts the AC
components of arc current and has low pass filter to cut
off the switching noises. The controller obtains the current
information from the preprocessing circuit, and the proposed
detection algorithm uses the standard deviation of arc current
in terms of the time series and frequency spectrum. Arc fault
detection systems must distinguish arc fault condition from
step load response and should detect small arc energies at the
light load condition.

In the time domain, the moving average standard deviation
of current can be derived as follows:

n

oiln] = Ai/l Z

k=n—M+1

(iarc [k] - iarc,aver [l’l])2 (8)

where o; is the standard deviation, M is the data samples, iz
is the instantaneous arc current, and iy qver 1S the moving
average of arc current. The abnormal condition of time series
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FIGURE 7. Arc fault detection: (a) Current variation using standard
deviation, and (b) FFT standard deviation.

can be detected with the threshold value, which is designed
with x-th sigma rules as follows:

omln] = oaver[n] + amosaln] )

where oy, is the threshold value, o, is the moving average
of o, ayy, is the threshold gain, and oy is the standard devi-
ation of o;. When the standard deviation is greater than the
threshold value, the steep current variation caused by arc fault
is detected, as shown in Fig. 7 (a). It presents the magnitude
difference between normal and abnormal conditions. In addi-
tion, the threshold gain can be designed according to the
desired precision of abnormal condition. For example, when
the oy, is three, (8) and (9) has 99.7 % detection precision
of abnormal condition. However, the time domain analysis
using steep variation detection cannot distinguish the arc fault
condition and load or power variation.

In the frequency domain, the FFT calculates the magnitude
of arc current with the designed frequency bandwidth. The
Fast Fourier Transform (FFT) analysis can be used to detect
the arc fault condition by utilizing a fast computation speed
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to calculate the Digital Fourier Transform (DFT). The DFT
of PV DC current can be derived as follows:
N—1

Z iPV [n] e—jann/N
k=0

Ipy [k] = N (10)

where Ipy [k] is the PV DC current according to the frequency
analysis, k is the frequency bin, n is the number of sampling
point, which can range from 0 to N. The frequency resolution
is determined using the sampling frequency (fsampiing) and N
and can be expressed as fsampling/N . The number of complex
DFT frequency components is defined as N/2.

In this experiment, the sampling frequency is 250 kHz and
N is 1024. The designed FFT has 512 frequency bins with
a 244.14 Hz frequency resolution. The standard deviation of
FFT magnitude can be derived, as follows:

0
1
olul = |5 Y. (Ievik. gl = mpy eglk))”  (1D)
q=1-P

where oy is the standard deviation in the frequency domain,
P is the number of FFT implementation, Ipy is the FFT
magnitude of arc current, and (py frq is the moving average
of the FFT magnitude. In this experiment, 20 times FFT are
calculated to obtain (11), which induces 81.92 ms compu-
tation time. The relative comparison of standard deviation
using (11) can distinguish the normal and arc fault condition.
Fig. 7 (b) shows the standard deviation before and after the arc
fault condition. The arc fault condition has higher magnitude
compared with the normal condition under 4 kHz, which
can overcome the switching noise of inverter. The arc fault
condition shows high variability compared with the no arc
fault condition at the low frequency range, which is also
shown in Fig. 2.

The frequency spectrum range can be designed with the arc
fault impedance, which can overcome the inverter switching
noise. The resonant frequency of arc fault and its quality
factor (Q) can be described, as follows:

1 v Larc/Carc
270 A/ Laye Care ' Rioad + Rare

fres fz\‘

s Afarc :farc/Q
(12)

where Rj,qq is the load resistance of inverter, R, is the
arc resistance, and Afg,. is the resonant width. From (12),
the theoretical FFT range to calculate the relative comparison
can be derived, as follows:

fmin Zfarc - Afaru fmax Zfarc + Afarc (13)

The arc resonant frequency is 450 Hz. The theoretical FFT
frequency range of f;,;;, and f;,4x is calculated as 150 Hz and
750 Hz, respectively. In this experiment, the designed FFT
range is 100 Hz to 2 kHz to calculate the relative magnitude
comparison, which is 10 times lower than the switching
frequency of 25 kHz. In addition, the preprocessing circuit
has current sensing and low pass filter, which can be designed
to obtain 2 kHz cut-off frequency.
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Fig. 8 presents the proposed arc fault detection algorithm.
The preprocessing circuit which including the current sensor
and low pass filter measures the DC current. In terms of time
domain, the standard deviation using (8) can be calculated
to detect the abnormal current variation. When (8) is over
the threshold value of (9), the standard deviation of FFT
results are relatively compared between normal and abnormal
conditions. The frequency range of relative comparison is
predetermined with (12) and (13). When (11) at the abnormal
condition is higher than the (11) at the normal condition,
the arc fault condition is detected. Using the proposed algo-
rithm, the inverter’s step load change and turn’s on and off
can satisfy (8) > (9) condition. However, these operations
cannot pass the relative comparison of standard deviation
using (11). Therefore, the proposed algorithm can detect the
arc fault condition with overcoming the switching noise of
inverter. Also, it can distinguish the arc fault condition and
other inverter’s operation.

IV. EXPERIMENTAL RESULTS
The experimental setup for arc fault detection is designed
according to the UL1699B standard, as illustrated in Fig. 9.
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FIGURE 10. Frequency analysis (0 Hz to 70 kHz) of inverter current: (a) no
arc condition, and (b) arc fault condition.

The arc fault generator and decoupling circuit are used to
follow the experimental setup standard of UL1699B. The
decoupling circuit works as line and PV array impedances.
It is small impedance value, which is not significant at the
low frequency resonance at the arc fault condition. The power
source (TC.P.32.1000.400.S, REGATRON) simulates the PV
panels. The PV inverter is a commercial product (sample 1).

The DSP controller (TMS320F28379D, TI) implements
the arc fault detection algorithm.

Fig. 10 shows the frequency spectrum of the inverter cur-
rent according to the arc and no arc conditions. Several tens
kilo-hertz has a high switching noise by the grid-connected
inverter. Therefore, the investigation of arc fault condition in
this frequency spectrum is hard to detect the fault condition,
which induces poor detection precision. Fig. 2 shows the
frequency spectrum of the inverter current at a designed low
frequency range according to the arc and no arc fault condi-
tions. It shows the significant magnitude variation between
two cases. In addition, this frequency range can avoid the
switching noise of inverter. Therefore, the designed frequency
range is proper for detecting the arc fault condition.

Fig. 11 shows the experimental verification of arc fault
detection performance. Fig. 11 (a) shows the steady state
operation of grid-connected inverter at the no arc fault condi-
tion, which shows no arc voltage at the arc fault generator.
Fig. 11 (b) shows the arc fault detection at the rated load
condition. When the arc fault occurs, the arc fault generator
induces the voltage drop and current fluctuation. The pro-
posed algorithm implements the time domain and frequency
domain analysis, which requires the 81.92 ms computation
time under the designed condition. This detection speed can
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FIGURE 11. Experimental results: (a) normal operation, (b) arc fault
condition at 3.5 kW condition, and (c) arc fault condition at 1 kW light
load condition.

satisfy the UL 1699B standard (2.5 s). Fig. 11 (c) shows the
small energy arc fault detection at the light load condition.
The energy of arc fault condition can be calculated as 1.125 J
for 81.92 ms.

Fig. 12 shows the transient operation of grid-connected
inverter. Fig. 12 (a) presents operational waveform of
inverter’s turn-on condition, which shows the PV input cur-
rent gradually increase under the soft-start duration. Fig. 12
(b) presents the operational waveform of inverter’s turn-off
condition, which shows the drastic current drop. Fig. 12 (c)
presents the step load response of inverter, which shows the
PV input current change according to the irradiation of PV.
The proposed algorithm can distinguish the arc fault condi-
tion and other inverter’s operation.
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Fig. 13 presents the repetitive experimental results to verify
the reliability of proposed algorithm and performance of arc
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fault detection using other brand PV inverter (sample 2).
The proposed algorithm can detect the arc fault condition,
as shown in Fig. 13 (a). In addition, the frequency spectrum
analysis of input current shows the large magnitude difference
at the low frequency range, as shown in Fig. 13 (b).

V. CONCLUSION

In this paper, the arc fault detection algorithm is proposed
with employing the time series and frequency spectrum anal-
ysis. The proposed algorithm detects the steep variation of
standard deviation of time series, which can sense the vari-
ation of current according to the arc fault. After the time
domain detection, the standard deviation of FFT magnitude
is relatively compared with the normal and abnormal con-
ditions. The frequency range of relative comparison can be
designed with the impedance of arc fault condition, which
is investigated with the small signal modeling. The designed
frequency range can increase arc fault detection precision
with overcoming the switching noise of inverter. The pro-
posed algorithm is verified with the experimental results
of 3.5 kW test-bed system. The designed algorithm can
distinguish between arc fault condition and other inverter’s
operation. In addition, it can detect 1.125 J small energies
under light load condition. The arc fault can be detected
within 90 ms, which can satisfy the UL 1699B standard.
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