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Abstract—Photovoltaic (PV) power generation has become
widespread owing to the global need to achieve carbon neutrality.
With the increase in the number of PV systems, a broken connector
in the PV panel induces a dc series arc fault condition. Therefore,
arc fault detection technology becomes significant to guarantee the
safety and reliability of PV systems. However, the series arc fault
condition is similar to that of the normal operation with a small
current variation, which makes it difficult to classify the normal and
arc fault conditions. In this article, the resonant filter is proposed
to improve the dc series arc fault detection capability. The charac-
teristics of arc fault current are analyzed with the considerations
of PV and converter impedance. The operational principle and
design methodology of the proposed resonant filter are analyzed to
clarify the arc fault signal through decoupling with the converter
impedance. In addition, the algorithm for arc fault detection is
designed with the proposed resonant filter. The experiment setups
are designed with a dc optimizer and two commercial inverters,
which can verify the arc fault detection performance with the
proposed resonant filter.

Index Terms—Analog filter, arc fault, dc-ac inverter, dc—dc
converter, fault diagnosis, photovoltaic (PV) systems.

HE power generation based on renewable energies, such
T as photovoltaic (PV) and wind turbines, is continuously
increasing owing to the global need for carbon neutrality [1].
With an increase in the number of PV systems, reliability and
safety are significant in preventing electrical and mechanical
accidents. PV systems inevitably have the dc link voltage, which

makes the possibility of a dc series arc fault condition, as
shown in Fig. 1. Loose connectors, damaged cables, and cracked
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Fig. 1. Example of PV systems with dc series arc fault condition. (a) Array
junction box with grid-connected inverter. (b) PV panels with DC optimizer.

solder joints can induce the dc series arc fault condition. The
series arc fault condition can occur in micro, string, and central
inverters and junction boxes of PV arrays. In terms of industry,
the Underwriters Laboratory (UL) introduced the UL 1699B
standard for PV systems [2]. In addition, the National Electrical
Codes (NEC) require arc fault detection devices (AFDDs) for dc
systems over 80 V [3]. Therefore, arc fault detection with high
precision is necessary to guarantee the safety of PV systems.
Various dc series arc fault detection algorithms have been
introduced for PV systems. DC arc faults can occur in both
series and parallel fault conditions. A parallel arc fault is the
same as a short circuit condition, which can be easily detected
by a large change in current [4], [S]. However, a series arc
fault has only a small current variation because it operates as
a small series resistance in a power line or connector. Therefore,
a series arc fault is more challenging than a parallel arc fault.
DC series AFDDs require high precision and fast detection
speeds because the energy losses in the arc fault are converted
into heat energy. In [6], [7], [8], [9], and [10], a dc series
arc fault detection method based on a time domain analysis
was evaluated using voltage and current information. These
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methods have a simple implementation comprising the use of
the characteristics according to the series arc fault conditions.
However, it is difficult to distinguish the arc fault condition and
normal operation with small magnitude variation. In addition,
a number of sensors are required to improve the fault detection
precision compared with normal conditions [6]. In[11], [12], and
[13], a frequency domain analysis was used with the measured
PV current to determine the arc fault characteristics. It considers
the chaotic variation of arc impedance, which can distinguish
between normal and fault conditions. However, the ac magnitude
variation depends on the impedance design of the converter and
inverter, which determines the precision of arc fault detection.
In [14], [15], [16], [17], and [18], hybrid arc fault detection
methods employing time and frequency domain analyses were
introduced to improve the detection precision. It increases the
available parameters with multidomain analysis, which can in-
crease the series arc fault characteristics to classify the arc and
normal conditions. In [14] and [15], statistical analyses in the
time and frequency domains can distinguish the normal and
arc fault conditions. However, it passively measures the PV
current from the designed power systems, which is difficult to
achieve consistent fault detection performance. In [19], [20],
[21], [22], [23], and [24], arc fault detection methods using
artificial intelligence are developed using normal and fault data.
It can achieve high fault detection precision with several arc
faults and normal characteristics according to machine learning
(ML) and neural network (NN) models. AFDDs use a micro-
processor to achieve cost-effectiveness, which makes it difficult
to implement the online ML and NN. Therefore, a predefined
model is normally applied to the microprocessor. It reduces the
precision of arc fault detection since the arc fault characteristics
are different according to the structure of the PV systems, PV
inverters and converters, and line length. In [25], a dc series arc
fault detection method was introduced with the modulation al-
gorithm of a power converter. It is an active method for detecting
fault conditions. However, it cannot be applied to existing PV
systems. In [26], the passive component design was analyzed
to detect the arc fault condition. It can maximize the arc fault
characteristics to improve the fault detection capability. Those
previous fault detection methods were focused on the signal
and power processing technique to find the arc characteristics.
In terms of signal processing, the previous methods passively
measured the PV current to determine the dc series arc fault
condition, which has different fault characteristics depending
on the PV systems, such as the converter and inverter.

Since the series arc fault condition operates as a chaotic
impedance variation, the large impedance of the inverter and
converter reduces the magnitude of the frequency spectrum
under the arc fault conditions. Therefore, the series arc fault
detection in PV systems is tightly coupled with the power stage
design of the grid-connected inverter and dc optimizer. This
article analyzes the performance limitation of arc fault detection
with the considerations of PV panel and converter impedance.
In addition, a resonant filter is proposed to distinguish the dc
series arc fault signal, which can be decoupled between the
impedance of the PV systems and the fault detection capability.
The operational principle and design methodology of the pro-
posed resonant filter are analyzed to clarify the arc fault signal,
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which considers the minimization of grid and switching noises,
and switching harmonics. Also, an arc fault detection algorithm
is designed based on the voltage and current relationship of the
resonant filter. The experimental results using the prototype dc
optimizer can verify the performance of the dc series arc fault
detection using the proposed resonant filter. In addition, the arc
fault detection is verified with two commercial PV inverters.

II. PROPOSED ARC FAULT DETECTION METHOD

The chaotic impedance variation of the arc fault condition can
induce a change in the ac current magnitude in the frequency
domain [14]. The arc impedance is analyzed with the arc volt-
age and current relationship using a voltage source, arc fault
generator, and a load resistor. Fig. 2(a) shows the experimental
results considering only the arc fault impedance. It verifies the
chaotic impedance variation, which induces the wide frequency
spectrum. Therefore, the load impedance is significant in the
PV systems, which makes different arc fault characteristics. The
conventional AFDD measures the PV current to calculate the fast
Fourier transform (FFT). It compares the ac current magnitude
variation for the arc fault detection. Fig. 2(b) and (c) shows the
experimental results using two different commercial inverters
under normal and arc fault conditions, which use the same PV
panels and grid conditions. Fig. 2(b) shows the distinguished
FFT magnitude variation between the normal and arc faults using
Inverter 1 (DASSTECH, DSP-3325KSHK). However, using
Inverter 2 (EKOS, EK-31), it is difficult to classify the arc fault
condition with a very small magnitude change in the frequency
domain, as shown in Fig. 2(c). Therefore, the conventional
AFDDs have limited fault detection performance, because they
passively measure the ac current from predesigned PV panels
and converters. In this article, the effectiveness of the impedance
of PV systems is analyzed for the arc fault detection capability.
In addition, the proposed resonant filter is designed to obtain the
desired ac current magnitude through impedance matching.

A. Analysis of Impedance for Fault Detection

With consideration of arc impedance variation, the ac current
magnitude can be derived as follows:

fae (W) =v/2 (W) (1)

where i,.(w) is ac current according to impedance variation, v
is the PV voltage, and z(w) is the sum of the line impedance and
input impedance of the converter. When the arc fault occurs,
the chaotic arc impedance is added between the PV panel and
converter. The impedance variation according to the arc fault
increases the ac magnitude for a wide frequency bandwidth.
Also, the current magnitude is determined with the PV and line
impedances and the input impedance of the converter. Fig. 3(a)
shows the equivalent dynamic model of the PV panel [27],
where I, represents the electrons excited current by the solar
irradiance, Cp (Vpy, w) and Cp (V) is the capacitance for
diffusion and transition, Rq (Vpy) and Rgy, are the dynamic
resistance of diode and shunt resistance, and R, and L, are series
resistance and inductance. From the PV model, the dynamic PV
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(a) PV dynamic impedance model.

impedance can be derived as follows:

Ry

— Ry tsLy+—2
Tt TR,

Zpv (s) 2

The impedance values are determined using the bias PV
voltage and ac frequencies. From (2), the sum of R, and R,
is dominant at the low frequency. In addition, L; and Ry are
dominant at a high frequency. Fig. 3(b) shows the impedance
values according to the operating frequency.

The converters, such as dc optimizer, microinverter, and grid-
connected inverter, have the input impedance, which can be
derived as follows:

ze (8) = vi (s) /i (5) 3)

where v;(s) and i,;(s) are the input voltage and current of the
power converter, respectively. This article employs the buck
converter for the dc optimizer, which is used to analyze the
input impedance. Fig. 4(a) shows the topology structure of
the buck converter. The closed-loop input impedance includes
the open-loop input impedance and loop gain, which can be
derived as follows:

Zc,ol (]- + Tioop) sz
V; - DILﬂooch,ol

Zc,cl (5 ) = 4)
where Ty, is the loop gain, D is the duty ratio, Z, . is the input
impedance of the open loop, V; is the input voltage, and /7, is the
inductor current. The open-loop input impedance can be derived
with considerations of power stage design, duty ratio, and load
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Fig. 4. Equivalent circuit model. (a) Buck converter structure. (b) Input
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resistance as follows:

R LCs*+ £s+1 s
~ D2 1+RCs ©)
where R is the load resistance, L is the inductance, and C is
the output capacitance. The loop gain can be derived with the
transfer function of duty to the output voltage and feedback
compensator as follows:

Zc,ol (5)

K,s+ K; V;
ﬂnop (5) = L

(1+§—ﬁ)
. - . (6)
s LCs? + £s+1 (1+%)

where H(s) is the feedback compensator, G, 4(s) is the transfer
function of duty to output voltage, K, is the proportional gain,
K; is the integral gain, Zy is the input capacitor impedance of
the converter, and Z,, and Zp, are input impedance at zero output
voltage and zero duty ratio, respectively. From (4)—(6), the input
impedance of the power converter can be obtained according to
the operating frequencies. Fig. 4(b) shows the input impedance
magnitude of the buck converter according to frequencies. It has
negative resistance characteristics in the low-frequency range.
Also, the input impedance increases with the L—C filter design.
The increase of inductance value can achieve a high input
impedance as the increase of operating frequency.

The impedance structure between the PV panel and converter
is described in Fig. 5(a), where Zpy p is the parallel impedance
of the PV panel and Z., iy is the input impedance of the
converter. When the arc fault occurs in the connector, the arc
impedance is added to the power line. The high input impedance
of the converter induces the small ac current magnitude and vice
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versa. Fig. 5(b) shows the theoretical current magnitude accord-
ing to frequencies. High line and buck inductances increase
the input impedance. Therefore, the fault detection accuracy
of conventional AFDDs is limited and different from passive
current sensing and predesigned impedance.

B. Effectiveness of Switching Noise

The power converters have a switching operation for the
power conversion, which induces the switching noise in the
power line. The large noise magnitude cannot distinguish the
fault and normal conditions, as shown in Fig. 2(a) and (b). The
dc optimizers and inverters have over several kHz switching fre-
quencies. Therefore, the frequency selection for the arc fault de-
tection should avoid the switching frequency and its harmonics.

C. Proposed Resonant Filter

The high impedance between the PV panel and converter has
a small current magnitude change at the arc fault condition.
Therefore, the small impedance design can increase the arc
signal magnitude at the fault condition. This article proposes
the resonant filter for the dc series arc fault detection, which
is shown in Fig. 6(a). The resonant filter is configured with
R-L-C components, which is located within or close to the
power converter. The impedance of the resonant filter can be
derived as follows:

Zo = 1/jwCy + jwla + R, f = 1/ <2m/LaCa) %)
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where L,, C,, and R, are the passive components of the resonant
module, Z, is the impedance of the resonant module, and f;. is
the resonant frequency. Z, has impedance variation according
to the frequency, as shown in Fig. 6(b). The minimum Z, at f,
can increase the fault signal magnitude variation compared with
the normal condition. Also, it can block the dc current with C,,.
The current through Z, can be derived as follows:

ia (W) = vz (W) /Za ®)

where v,(w) is Z, voltage according to frequencies, which can
be described with power source and arc fault voltages (v, =
Vin—Varc(w)). From (8), the dc series arc fault signal amplifying
ratio (AR) can be derived as follows:

AR = i e (f+) Jiamor (fr) ©
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where i, arc and i, nor are the resonant filter currents according
to arc fault and normal conditions, respectively. Therefore, the
designed Z, value of the proposed resonant filter can increase
the fault signal to distinguish the normal condition. It can be
decoupled with the converter impedance, which is used for
general-purpose AFDDs.

Fig. 6(b) shows the impedance of Z,, at the grid, resonant, and
minimum switching frequencies, which considers the undesired
periodic noises. The periodic noises of f, have sinusoidal wave-
forms, which are dominant at the first harmonics. In addition,
the periodic noises of fy,, have rectangular waveforms, which
contain odd-order harmonics. Therefore, the resonant frequency
of Z, can be selected between f,; and f, to minimize the periodic
noises, which can be derived as follows:

fg < fr < fsw-

The power loss in Z, is determined by the impedance at f,
and f5, which can be derived as follows:

Prq = iq(w)’Ry,.

(10)

(1)

Therefore, Z,, is higher than the desired minimum impedance
at f, and fs,, which can be derived as follows:

Za (fg) ) Za (fsw) 2 Zmin

where Z,,;,, is the minimum impedance value, which is selected
for the desired power loss at Z,. i,(f,;) and i,(fs) are designed
with R, and estimated AV, and AV, The desired Z,,;,, can be

derived as follows:
AV2R,
z. AV
'PIOSS

The designed Z,,;, increases with an increase of estimated
AV to obtain the desired power loss in Z, and vice versa. In
this article, the grid and minimum switching frequencies are
designed as 60 Hz and 10 kHz, which induces the resonant
frequency selection below 10 kHz. When the power loss in Z,,
is below 100 uW at f, and fs.,, the desired i,(f;) and i,(fs.,) are
less than 10 mA with R, of 1 €). In addition, the maximum AVg
and AV, are assumed as 2 V. Therefore, Z, is over 200 (2 at
fy and fi,, and the designed 5 kHz resonant frequency should
satisfy Znin at fy and fiy,, as shown in (12).

When f,. is designed with considerations of f,; and fsw, L,
and C,, are designed to satisfy the desired minimum impedance
(Zwmin) at f; and f,, to minimize the periodic noise and power
loss in Z,. The C, value can be derived as follows:

1- (wg/wr)2 1-— (wsw/wr)Z

ngZmin jwstmin

12)

13)

C, < ; Co < (14)
where w4, wgy, and w,. are grid, switching, and resonant angular
frequencies, respectively. From (14) and resonant frequency, L,
can be derived as follows:

1
Ly=——7——. (15)
t@enf)’Ca
R, is designed to obtain the fault signal amplifying. The small
resistance is proper to measure the high fault current magnitude.
However, parasitic resistance is inevitable at L, and C,, which
determines R, value in a practical manner.
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TABLE I
DESIGN EXAMPLE OF RESONANT MODULE

Parameter Value
Resonant frequency 5kHz
L, 4.7 mH, 0.538 Q at f,
R, 1.08 Q at f,
C, 0.2 uF, 0.47 Qat f,
AR 9.3 at Inverter 1 11.7 at Inverter 2

Power loss 89 uW atf, 27 uW atf,

0
Impedance (Q)

350

—— Without Parameter Error
—— With +10% Parameter Error
—— With -10% Parameter Error

300
250 \
200

150

Desired Minimum Impedance
100
50

0
2000 3000 4000 5000 6000 7000 8000 9000

Frequency (Hz)

10000

Fig. 7. Impedance sensitivity according to design margin.

This article has a 5 kHz resonant frequency, which is three
times lower than the switching frequency of the inverter, i.e.,
16 kHz and 32 kHz, respectively. Also, it is 83 times higher than
the grid frequency, i.e., 120 Hz. The designed L, has 4.7 mH
with 0.538 Q) ac resistance at f;.. C, is determined with f,-and L,,,
which has 0.47 Q) ac resistance atf;.. R, is the sum of ac resistance
of L, and C,. Table I shows the designed specification of the
resonant filter. From the designed resonant filter, Inverter 1 and
Inverter 2 have 9.3 and 11.7 AR values from measured v,(w),
respectively. The theoretical power loss on R, is 87 uyW and
27 uW at the resonant frequency, respectively.

The resonant filter is configured with an inductor and capac-
itor, which has parameter margins, such as 1%, 5%, and 10%.
The worst condition is the 10% margin for L, and C,, which
changes the resonant frequency and impedance at f; and fq.
The change of resonant frequency is not effective in detecting
the arc fault condition. However, in terms of power loss in Z,,
the impedance variation at grid and switching frequencies can
increase the power loss. Fig. 7 shows the impedance with a
10% margin in L, and C,. Therefore, the design of L, and
C, considers the parameter margin to obtain the desired loss
inZ,.

The advantage of the proposed method is the decoupling
between the power conversion and series arc fault detection
capability. When the fault signal can be measured with current
sensors, digital active filters, such as bandpass and low-pass
filters, can be applied to minimize the undesired noise. It is
normally used as the preprocessing algorithm for the fault de-
tection algorithm. However, it cannot amplify the fault signal in
terms of the power level. The small fault signal in the power line
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according to the high impedance condition induces the small
fault magnitude in the signal level, which makes it difficult to
detect the fault condition. Therefore, the passive-type resonant
filter is proposed to amplify the fault signal in the power level.
In addition, it can be proper to already installed converter and
inverter.

For the dc optimizer with a boost converter, the input
impedance of the boost converter can be derived as follows:

v (s) 9 sLy

Zin (8) o) (1-D)*R, (1 - D)2RO) (16)
where D is the duty cycle, R, is the load resistance, and Ly is
the boost inductance. From (16), the boost inductor becomes
dominant as the increase of operating frequency. Fig. 8 shows
the input impedances with and without a resonant filter. The
resonant filter can achieve arc fault signal amplifying with the
differential type of converters.

D. Arc Fault Detection Algorithm

The proper resonant filter design can effectively amplify the
magnitude of the arc fault signal compared with normal opera-
tion. Fig. 9(a) shows the proposed arc fault detection flowchart.
The DSP calculates the discrete fourier transform (DFT) with
measured i,, which can be derived as follows:

1= .
I, [u] = i Z Qg [n]e” N

n=0

a7

where N is the number of sampled data points for Fourier
analysis. In this experiment, Nis 512 and the sampling frequency
is 250 kHz. The moving average (yt1,) and standard deviation
(0 14) are calculated to determine the threshold value for arc fault
detection, which can be derived as follows:

I [u] = pra [u] + - 014 [u] (18)

where « is the controllable value. When the calculated DFT
magnitude is higher than the threshold value, the arc fault is
detected in frequency domain analysis.

After the frequency analysis, the voltage relationship of Z,
is also considered to determine the arc fault condition in time
domain analysis. The C,, voltage is the same as the source voltage
in the normal condition. However, the C, voltage at the arc fault
condition can be described as Vi,—V,y.. Fig. 9(b) shows the
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Fig. 9. Arc fault detection algorithm. (a) Fault detection flowchart. (b) DC
voltage variation according to arc fault.

experimental results of V., variation at the arc fault condition.
Therefore, the difference of V., can be utilized to detect the
arc fault condition. The moving average and standard deviation
of V., is calculated to determine the threshold value of fault
detection, which can be derived as follows:

Vin [n] = KUVeca [77,] +8 0vea [n} (19)

where 1y, is the moving average value, 3 is the controllable
value, and oy, is the standard deviation. The measured V,,
is lower than the threshold value, the arc fault is detected in
time domain analysis. Therefore, the proposed dc series arc fault
detection method can be implemented with frequency and time
domain analysis using the designed resonant filter.

The proposed resonant filter is designed to minimize the
undesired periodic noises according to the grid and switching
frequencies. The nonperiodic noises, such as soft-start and irra-
diance variation, are inevitable, which also injects the noises into
the resonant filter. The large step response of voltage and current
variation may induce the undesired signal amplifying. However,
the dynamic response occurs within a short time, which can be
classified with a fault detection algorithm. In a practical man-
ner, the arc fault detection algorithm can check the magnitude
difference for the nth number in terms of frequency spectrum
after the drastic magnitude change in time domain analysis [15].
Therefore, the resonant filter considers the reduction of periodic
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Fig. 10. Experimental setups. (a) Arc fault detection with converter. (b) Arc
fault detection with commercial inverters. (c) Comparison with current sensor
and resonant filter.

noises to minimize the power loss in the resonant filter. In some
cases, the resonant filter design should consider the periodic
noises according to the power line communication signal.

III. EXPERIMENTAL RESULTS

The performance of dc series arc fault detection is verified
with the proposed resonant filter and designed fault detection
algorithm. Fig. 10 shows the experimental setup for the arc fault
detection with dc optimizer and commercial inverters, which
includes PV modules, an arc fault generator, a proposed resonant
filter, a preprocessing circuit, and DSP. The series arc fault detec-
tion methods based on signal processing normally use the current
sensors, such as the current transformer and Rogowski coil.
Also, the conventional methods have no power loss for an arc
fault detection. However, the proposed method does not require
the large size current sensors in the power line, since it requires
only mA level signal sensing. The resonant filter only processes
the small current, which can use L, (SRR1208-472KL) and
C, (C1812X204KDRLCAUTO). Fig. 10(c) shows the power
density comparison between the conventional current sensor
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TABLE II
DESIGN EXAMPLE OF DC OPTIMIZER

Parameter Value
Rated power 1 kW (three PV panels)
Input voltage range 50-150 V
Switching frequency 150 kHz
Switch TPH3212PS (GaN FET)
Controller TMS320F28379D
. 1 mH 110 uH
Buck inductance (high impedance)  (small impedance)
Input and output 10 uF

capacitances

and the designed resonant filter. In terms of power density, the
current sensor (ATO-75-B11-D10, LEM) and the proposed res-
onant filter have 48.01 cm? and 41 cm?, respectively. Therefore,
the resonant filter can achieve a higher density compared with
current sensors. In terms of power loss, the resonant filter has the
power loss in normal operation. In this article, the impedance in
the grid and switching frequencies are designed to minimize the
power losses below 200 p/W.

A. Arc Fault Detection With DC-DC Converter

Fig. 11 shows the experimental results with the dc optimizer.
The dc optimizer is designed for three series-connected PV pan-
els. Table II shows the designed specification of the converter.
Fig. 11(a) shows the steady state operation without the fault
conditions. It includes the drain—source voltage, output voltage,
and current. The FFT result is measured with the input current
of dc optimizer, which is the base magnitude to compare the
magnitude difference. It has a high noise signal at 21.6 kHz
and 47.7 kHz from the auxiliary power supplies. Fig. 11(b)
shows the arc fault condition with a small input impedance of
the dc optimizer. It has a large current magnitude difference
(21.6 dBm at 16 kHz) compared with normal conditions. It
is proper to arc fault detection since the conventional AFDDs
measure 10-100 kHz frequency ranges. Also, the input current
magnitude increases for wide frequency bandwidth. Fig. 11(c)
shows an arc fault condition with the large input impedance
of dc optimizer. In this condition, the FFT magnitude is the
same as in the normal condition. The noise signal according to
auxiliary power is significant compared with the fault signal.
Also, the FFT magnitude increases at a low frequency (2.1 kHz)
near the resonant frequency of the L—C filter. It is difficult to
utilize this characteristic since the peak current magnitude is
different according to the converter design. Fig. 12(a) shows
the normal condition with large input impedance and proposed
resonant filter. The designed resonant filter has a current mag-
nitude of 5 kHz from the switching operation. Fig. 12(b) shows
the fault condition with large input impedance and proposed
resonant filter. The current magnitude difference (25.6 dBm)
can distinguish the arc fault condition. From Fig. 12, the pro-
posed resonant filter can distinguish the arc fault and normal
conditions.
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Fig.11.  Experimental verification without proposed resonant filter. (a) Normal
operation of dc optimizer. (b) Arc fault and small impedance conditions with FFT
magnitude. (c) Arc fault and high impedance conditions with FFT magnitude.
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Fig. 12.  Experimental verification with proposed resonant filter. (a) Normal

operation with FFT magnitude. (b) Arc fault condition with FFT magnitude.

B. Arc Fault Detection With Commercial Inverters

Fig. 13(a) and (b) shows an arc fault detection of Inverter 1.
Inverter 1 can distinguish the normal and arc fault conditions
with PV current measuring. Fig. 2(b) shows the magnitude
difference of Inverter 1 according to the normal and arc fault
conditions. It has a 5.36 times magnitude difference according to
an arc fault condition. With a resonant filter, the FFT magnitude
difference between normal and arc fault is 9.1 times, which is
a 1.6 times larger difference compared with conventional i,
detection. In addition, it has 2.71 mA and 2.07 mA in grid and
switching frequencies, respectively. The proposed resonant filter
can achieve the series arc fault detection capability regardless
of converter and inverter impedance. The conventional method
using only a signal processing algorithm cannot classify the
normal and fault conditions using the commercial Inverter 2.
Using the resonant filter, Fig. 13(c) and (d) shows an arc fault de-
tection performance of Inverter 2. The FFT magnitude difference
between normal and arc fault is 10.3 times, which is a 5 times
larger difference compared with conventional i,, detection. It
has 3.62 mA and 1.94 mA in grid and switching frequencies,
respectively. In addition, the AFDDs with the proposed resonant
filter can detect the arc fault condition within 100 ms.
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IV. CONCLUSION

The large impedances of the inverter and converter reduce
the magnitude of the frequency spectrum according to an arc
fault condition. In this article, the resonant filter is proposed to
clarify the arc fault condition. It can obtain a small impedance
at the designed resonant frequency, which can amplify the arc
fault signal. In addition, the design method of the resonant filter
considers the undesired noise amplifying and power losses.
The fault detection algorithm considers the signal processing
technique using DFT and dc voltage variation of C,. The exper-
imental results using dc—dc converters and inverters verify the
performance of the proposed arc fault detection method.
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