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ABSTRACT A DC grid can achieve high power conversion efficiency by reducing conversion stages between
DC energy resources and loads. However, as system complexity increases, DC distribution systems face
series arc faults due to damaged power cables and loose connectors, which can induce a fire hazard. Unlike
AC grids, DC grids lack natural current and voltage zero crossings, which complicates arc-fault detection.
This paper investigates series arc fault detection in LVDC systems with auxiliary DC-link/feeder capacitance
for impedance shaping. The proposed capacitor-assisted impedance shaping increases the magnitude of arc-
induced current variation and strengthens the frequency-spectrum change of the line current used by the
FFT-based detector, thereby improving DC series arc-fault detectability. The operational principle is ana-
lyzed to derive capacitance-based impedance-shaping design guidelines for such LVDC systems. Also,
a hybrid detector combines time-domain and frequency-domain analyses to detect DC series arc faults, which
utilizes the arc characteristics of DC and AC components. Experimental validation of the proposed structure
and detection algorithm is performed on a 30-kW laboratory LVDC testbed.

INDEX TERMS Low voltage DC grid, DC grid, arc fault, fault diagnosis, impedance shaping, time-domain
analysis, frequency-domain analysis.

I. INTRODUCTION

A DC-grid systems are gradually expanding, because it has
high efficiency, low noise, and good connectivity with renew-
able energies and energy storage systems (ESS) [1], [2],
[3]. With increasing of DC-grid systems, several standards
have been developed in response to the growing interest in
their safety and reliability in electrical problems [4], [5],
[6]. DC series arc faults are a major fault type that occur
because of damaged and aged power cables, loose connec-
tors, and cracked solder joints. The National Electrical Code
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requires the installation of a series arc fault detection devices
(AFDDs) of over 80 V [7]. In the application of photovoltaic
(PV) systems, Underwriters Laboratories (UL) invented UL
1699 B standards to guarantee the AFDDs performance,
which is only designed for PV systems [8]. The International
Electrotechnical Commission (IEC) developed IEC 62606 for
performance verification of AFDDs. Therefore, the DC series
arc fault detection can improve the reliability and safety of
DC-grid systems.

Various DC series arc fault detection algorithms have been
introduced for DC 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, and can be easily detected
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by a large change in the current [9], [10]. However, a series
arc fault has only a small current variation, because it operates
as injection of series resistance in power line and connector.
Therefore, a series arc fault is more challenging than parallel
arc fault. DC series arc fault detection devices require high
precision and fast detection speeds, because the energy losses
in the arc fault are converted into heat energy. A DC series
arc fault detection based on a time domain analysis was
evaluated using voltage and current information [11], [12],
[13]. These methods have a simple implementation with the
characteristics of arc fault resistance. However, it is difficult
to distinguish the arc fault condition and normal operation
with small current variation. In addition, several sensors are
required to improve fault detection precision compared to
normal conditions [12]. In [14], [15], [16], [17], and [18],
frequency domain analyses were performed using the cur-
rent to determine the arc fault characteristics. In [15] and
[16], the fast Fourier and wavelet transforms were used to
extract the arc fault characteristics. In [17], the high-gain
bandpass filter was introduced to amplify the fault signal.
It considers the chaotic variation in the arc impedance, which
can distinguish 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 [18], a resonant filter was designed to
modify the system impedance and achieve a high fault magni-
tude. However, auxiliary hardware increases the system cost
and power losses. In [19], [20], and [21], hybrid arc fault
detection methods employing time and frequency domain
analyses were introduced to improve the detection precision.
This increases the number of available parameters when using
multi-domain analyses. In [19] and [20], statistical analyses
in the time and frequency domains were performed to dis-
tinguish between normal and arc fault. However, it passively
measures the AC current from the designed power systems,
which makes it difficult to achieve a consistent fault detection
performance. In [21], the energy variation in the time and
frequency domain analysis was used to distinguish between
normal and arc fault conditions. However, it required current
and voltage sensors, which increases the cost of the AFDDs.
In [22], [23], [24], [25], [26], and [27], arc fault detection
methods using artificial intelligence were developed using
both normal and fault data. Those methods use several time
and frequency domain characteristics, such as the average,
root-mean square, min-max values, entropy, energy level
variation, fast Fourier transform (FFT), and wavelet trans-
former. In [22], [23], and [24], machine learning methods,
such as support vector machine and random forests, were
employed to detect arc faults from the accumulated data-
sets. Deep learning methods were used in [25], [26], [27],
[28], and [29] to detect arc faults with various techniques.
Preprocessing and proper feature extraction can improve the
fault detection precision. Signal processing methods, such
as time domain analysis, frequency domain analysis, and
artificial intelligence, passively measure fault signals using a
current transformer and Rogowski coil, which are decoupled
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FIGURE 1. Example structure of LVDC systems.

from the power conversion. However, the signal processing
methods require the chaotic AC current variation to detect the
fault condition. However, the magnitude of the arc fault signal
differs depending on the impedance of DC systems, such
as power converter, and the line impedance. In addition, the
conventional methods were focused on the arc fault detection
between power sources and power conversion systems for
the PV applications, which does not consider the complex
interconnection of grid systems.

The low voltage DC (LVDC) systems have complex
inter-connection with renewable energy resources and elec-
tric loads [30], [31], [32]. Fig. 1 shows the distributed LVDC
power systems, which includes the PV systems, ESSs, and
loads. The arc faults can be occurred at the power line and
connectors. The conventional AFDDs use the magnitude
variation of frequency spectrum using AC components of
current, because the AC components of arc resistance have
chaotic variation. However, the precision of fault detection
is different according to the impedance of grid systems.
When the DC-Link voltage and current are unipolar 750 V
and 40 A, Fig. 2 (a)-(c) shows the measured current at the
normal and arc faults with inductive, capacitive, and resistive
load impedances. The arc voltage and DC current have dif-
ferent time and frequency domain characteristics according
to the load impedance, which determines the difficulty of
fault detection. This verifies that strategic load impedance
design can significantly enhance the detectability of series
arc faults. This paper investigates the arc fault characteristics
according to the grid impedance. The load impedance design
makes it easy to classify the normal and arc faults. The coor-
dinated time and frequency domain analysis uses the arc fault
characteristics of DC and AC components. The experimental
results show the performance of series arc fault detection with
designed grid impedance and arc fault detection algorithm
through 30-kW lab scale test-bed.

Il. LVDC SYSTEMS FOR DC SERIES ARC FAULT
DETECTION

A. CHARACTERISTICS OF ARC RESISTANCE

The series arc fault condition can be described with sev-

eral arc resistance models, such as Stokes-Oppenlander
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FIGURE 2. Experimental results of DC series arc fault conditions:
(a) resistive load impedance (18 ), (b) inductive line impedance
(1.65 mH), (c) capacitive load impedance (2.15 mF).
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incident energy, Mayr-Cassie, and Nottingham [33], [34]. For
example, Stokes/Oppenlander incident energy model can be
derived as follows:

Rare = (204 0.534 - Z,) /1958 (1

where Z, is the gap length of electrode, I, is the DC current.
Differentiating (1) with respect to /4. can obtain the negative
resistance characteristics, as follows:

dR 20 + 0.534Z,
are _ () ggal T 00

dle e

@
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FIGURE 3. Arc resistance according to DC current: (a) theoretical model,
(b)experimental results.

It increases the arc resistance with reduction of DC current,
vice versa. Fig. 3 (a) shows the theoretical resistance of arc
fault condition, which is verified through the experimental
results of Fig. 3 (b). The small DC current increases the arc
resistance. Therefore, the series arc fault condition reduces
the load side DC-link voltage compared with normal condi-
tion at the same DC current level, which can be derived as
follows:

Viink = Viink,p — Riineldc 3)
VLink = VLink,P - (Rline + Rarc) Idc (4)

where Vi, is the measured voltage, Vi p is the voltage
of previous DC-link capacitor, Rj,. and R, are the line and
arc resistances, respectively. When the arc fault occurs, Fig. 2
shows the reduction of Vi, at the same DC current.

In terms of AC components, the arc fault has chaotic arc
impedance variation, which increases the high frequency AC
current. The magnitude variation of frequency spectrum can
detect the fault condition. When the DC current flows from
DC link to feeder, the equivalent circuit can be described as
Fig. 4. The arc-induced AC current component can be derived
as follows:

. Viink,p — VLink
lge = ———————— (5)
Tare + Ziine + 21,

where 7, is the small-signal AC component of arc resis-
tance, Zjin and Zy, are line and load impedances, respectively.
From (5), the grid impedance is affected to the magnitude of
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FIGURE 4. Equivalent circuit from DC link to feeder: (a) resistive load
condition, (b) inductive line impedance, (c) capacitive load condition.

AC components. Fig. 4 (a) shows the resistive load impedance
condition, which includes small line inductance and resis-
tance (1.04 pH and 0.013 2). From Fig. 4 (a) structure,
Fig. 2 (a) shows the experimental results in terms of time
domain and frequency spectrum. From (5), the AC current
with resistive impedance can be derived as follows:
iac _ VLmk,P VLlnk (6)
Tare + Ziine + RL

where R; is the load resistance, respectively. When the
Ziine 1s small to negligible, the magnitude of AC current is
determined with arc and load resistances. In addition, the
magnitude of AC current can be distinguished to classify
the normal and arc faults with frequency domain analysis
as shown in Fig. 2 (a). The series arc fault condition with
inductive load impedance can be described with Fig. 4 (b).
From (5), the AC current can be derived with large load
inductance, as follows:

e = VLGk,P Vi0ink 7)

Tare + Ziine +Z + Ryp

where Z; is the impedance of load inductance. The Z;, has the
large impedance as increase of frequencies, which reduces the
magnitude of AC current. Fig. 2 (b) shows the experimental
results of inductive load condition. It makes difficult to detect
the arc fault condition with frequency domain analysis. The
series arc fault condition with capacitive load impedance can
be described in Fig. 4 (c).
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FIGURE 5. LVDC grid systems for arc fault detection: (a) conventional
system structure, (b) proposed impedance based grid systems.

From (6), the AC current can be derived with large capac-
itive load as follows:

. Viink,p — VLink
lge = ®
Yare + Ziine + Zc//RL

where Z. is the impedance of load capacitance. The large Z,
reduces the impedance as increase of frequencies. It increases
the magnitude of AC current at the arc fault as shown in
Fig. 2 (c). Therefore, the capacitive DC-grid configuration is
proper to detect the DC series arc fault condition through the
signal processing method.

B. PROPOSED SYSTEM STRUCTURE FOR FAULT
DETECTION

The capacitive load impedance is required to maximize the
magnitude of AC current for using AC components of arc
resistance. Fig. 5 shows the conventional and proposed LVDC
grid structure. The conventional systems only consider the
input and output capacitors of power conversion systems,
as shown in Fig. 5 (a). However, the proposed structure
includes the additional capacitors to detect the series arc fault
condition though the signal processing method, as shown
in Fig. 5 (b). When the arc fault occurs between point A
and B, it should consider the bidirectional power flow with
renewable energies and ESSs. When power flows from A to
B, the C; regulates DC-link voltage. The C, operates as the
load capacitor. When the power flows from B to A, the C;
regulates the DC-link voltage. The C; operates as the load
capacitor. Therefore, the feeder with bidirectional power flow
should consider the input and output capacitances. In addi-
tion, the arc fault condition between point B and C is analyzed
to achieve the fault detection capability. Where C is the DC

VOLUME 14, 2026



C.-S. Kim et al.: Enhanced DC Series Arc-Fault Detection in LVDC Systems

IEEE Access

‘ Input Impedance
A zl.ine
DC Link | = L Load
[o3 C, Impedance

20
Impedance (Q)

—— C, =10 F
15 —— C, =100 yF
—— €, =500 yF

10

e Zoin = 4.579 Q
Z,,,=0.588 0
0 me =0.156 0
0 1000 2000 3000 4000 5000

Frequency (Hz)

FIGURE 6. Input impedance variation according to load capacitor design.

loads, such as EV charger, home appliances, and factories.
Since this condition is unidirectional power flow, the C3 is
effective to detect the arc fault between point B and C. The
DC load requires the design of input capacitors for desired
voltage regulation and hold-up times. The series arc fault
detection capability can extend the considerations of input
capacitance design. In addition, the location and values of
auxiliary DC-link capacitors can be designed based on the
line-impedance model.

The designed LVDC systems have 30-kW rated power. The
cross-section area of power wire is 120 mm?. The maximum
line length between capacitors is designed as 300-meter. The
parasitic components of power line are derived, as follows:

Riine = pL/A 9
HottrL [ln (2—L) — 1} (10)
2 r
where p is resistivity of power line, L is the line length,
A is the area of power line, u, is the permeability of free
space, [, is the relative permeability of the wire material.
From (9) and (10), the maximum Ry, and Ly, are 0.042 Q
and 630 uH with maximum line length, respectively. The AC
current of capacitive systems can be derived with maximum
Ryine and Ly e, as follows:

Liine =

) Viink.p — VLink
lgc = . Ry (11)
Tarc + Riine + joLiine + I+joCLRL

Fig. 6 shows the input impedance between point B and C
with 30-kW load condition according to selected capaci-
tances. A sufficiently large load capacitance minimizes input
impedance, enabling amplification of arc-related AC current
components, which enhances detection sensitivity in signal
processing. However, it requires a bulky capacitor bank,
which reduces the power density and cost-effectiveness.
From (11), the minimum capacitance can be designed with
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desired maximum load impedance at worst line impedance,

as follows:
Rr
. Y/ ; 12
1+jwr,minCLRL = 4L ,max (fr,mm) ( )
1

2 RV Lline,maxCL

where f; in 1s the minimum resonant frequency of Lj;,, and
Cr. From (12), the input impedance can be described as
follows:

fr,min = (13)

Zin = Rijne + jorLjjne +Z, (fy) < Zin,max (14)

The required capacitance has variation according to the rated
power condition, as shown in Fig. 7. It shows the desired Cr,
with worst power line condition. The increase of rated power
condition requires the large capacitance to obtain the desired
impedance, vice versa. Fig. 8 shows the experimental results
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of magnitude variation of i, according to Cy, values at the arc
fault condition. It uses the 300-meter power line, DC power
supply and electric load. Fig. 8 (a) shows the 1 mF case.
In the arc fault transient, the variation and minimum value
of current are 65.73 A and 0.153 A, respectively. The chaotic
impedance variation of arc characteristics induces the fault
current in stable arc conditions. In the stable arc, the current
variation is 11.38 A. Fig. 8 (b) shows the 100 uF case. In the
arc fault transient, the variation and minimum value of current
are 58.12 A and 8.334 A, respectively. In the stable arc, the
current variation is 6.17 A. From Fig. 8, the larger DC-link
capacitor can achieve the smaller input impedance, which
amplifies the arc fault characteristics. Thus, DC-link capaci-
tors should be designed based on equations (12) and (13) to
ensure a target input impedance that maximizes arc current
variation for robust fault detection.

Il. SERIES ARC FAULT DETECTION METHOD

The arc fault condition can be detected with the time
and frequency domain analysis. Fig. 9 shows the designed
DC-link capacitors with sensing structure for the arc fault
detection. The digital signal processor (DSP) measures the
DC-link voltage and DC current, which communicates with
higher-level controller to share the DC-link voltage and fault
signal. It is configured with a single DSP, single voltage
and two current sensors. In terms of DC component of arc
resistance, it reduces the DC-link voltage according to (1).
The proposed fault detection uses the voltage variation of
DC-link capacitor in time domain analysis. The DC-link
voltage variation at the arc fault can be derived as follows:

AVLink Uge) = [VLink,p — Riinelac]
- [VLink,P - (Rline + Rarc) Idc] (15)

From (15) and the arc-resistance model in (1), the DC-link
voltage reduction due to a series arc fault can be approximated
as AV ~ 14.Rge, which indicates that AVy;,, increases
with the DC current. The absolute voltage drop caused by the
arc fault does not change drastically over the operating power
range. However, as the load power increases, the natural rip-
ple and noise components of the DC-link voltage also become
larger because of converter dynamics and measurement noise.
As a result, the effective detection margin tends to become
smallest near the rated power. Therefore, the rated power
condition is treated as the worst case when designing the
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voltage-based threshold. From (15), the average of Vj;,, can
be calculated according to 14, as follows:

K
1 .
VLink,avg ae) = E E Viink Ude, 1] (16)
i=1

where K is the sampling number for averaging. From (16) and
measured Vy;,k, the arc fault can be detected in time domain,
as follows:

Viink,avg {dc) — Viink (Lde) > Vin (17

From (17), it has simple detection algorithm. However,
the Vi« has variation according to /4. and Vi p, which
increases the misdetection at normal condition. The arc
fault detection can be improved with the measured Viin p,
which requires communication with higher-level controller,
as follows:

Viink,avg (Veink.ps Iac) — Viik (Viink.p, lac) > Vin  (18)

However, it increases the complexity of arc fault detection,
which has the trade-off relationship between the arc detection
accuracy and system complexity. Fig. 10 is the experimen-
tal results with voltage variation in time domain analysis.
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Fig. 10 (a) shows the arc fault detection using (17). The DSP
operates at a sampling frequency of 20 kHz. Accordingly, the
voltage-based arc fault detection algorithm in (17) is executed
every sampling period, enabling more than 20 detections
within 1 ms. Fig. 10 (b) shows the Vg, p variation. It can
not classify the arc fault and drastic Vpu p drop. Fig. 10 (c)
shows the classification of Vi, p drop using (18). It verifies
the trade-off relationship between the detection accuracy and
detection complexity.

In terms of AC components, the arc resistance has chaotic
variation, which increases the wide frequency spectrum of
AC current. The impedance shaped grid reduces the load
impedance at the designed frequency range. The proposed
hybrid detection method utilizes FFT analysis of AC current
components to distinguish normal and arc faults, comple-
menting time-domain voltage analysis. The FFT results can
be calculated with measured AC current, as follows:

1 gN—1

laeltk, gl =< | > iaelne ™ N (19)
n=gN—N
| jN—1

laelkojl =~ | > dae ln] e (20)
n=jN—-N

where I;.[k] is the FFT results of DC current, ¢ and j is the
number of FFT results before and after the arc fault condition,
N is the FFT size, n is the number of sampling point, which is
from O to N. The FFT resolution is determined with the FFT
size and sampling frequency. For example, when sampling
frequency and FFT size are 20 kHz and 512, respectively, FFT
resolution is 39 Hertz. When the number of FFT is 10, the
calculation time for arc fault detection is over 256 ms. The
maximum frequency of discrete Fourier transform is half of
sampling frequency. The average of (19) can be calculated as
a reference (I4c, rer) for the normal operation, as follows:

0

1
lic.ref K] = 3 2 iaclk, q) @1
g=1-P
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where P is the average number. The fault detector compares
the FFT results of (20) with reference of (21), as follows:

1, at Iz [k,j] > aldc,ref[k]

) 22
0, at at Lo [koj] < algeregk] 2

Icount [k’j] = [
where « is the threshold gain. The accumulated I oy,
can measure the magnitude difference of (19) and (20),
as follows:

k2
Icamp []] = Z Teount [k,]] (23)

k=k1

The comparison between (23) and threshold value (I;;) can
detect the arc fault condition, as follows:

Icamp[j] > Iy (24)

When (24) is satisfied, the arc fault is detected with FFT.
To facilitate practical deployment, the impedance-shaping
design in Section II-B can be directly mapped to detector
configuration. Given the maximum feeder length L,,,, and
cable information, the worst-case line parasitics Rrine max
and Lyine,max are obtained from (9)—(10), and the auxiliary
DC-link/feeder capacitance Cy, is then selected to satisfy the
target input-impedance bound under the worst line condi-
tion using (12)—(14). The selected {Lrine,max. Cr} further
defines the minimum resonant frequency f; nin in (13),
which indicates the frequency band where the capacitive grid
most effectively reduces the input impedance and amplifies
arc-induced AC current components.

Based on f; s, the DSP sampling frequency f; and FFT
size N are chosen to provide sufficient frequency resolution
in the impedance-shaped band, and the detection latency is
set by the FFT accumulation/averaging length P. Finally, the
time-domain voltage threshold is calibrated at rated power
as the worst case, while the FFT-domain thresholds («, 1)
are set using the normal-operation reference Iy o defined
in (21)—(24). Fig. 11 shows the flow chart of proposed arc
fault detection through the capacitor voltage and current. The
variation of DC-link voltage can detect the fault condition
in terms of time domain analysis. The frequency spectrum
change can detect the fault condition in terms of frequency
domain analysis. When the fault is detected with both time
and frequency domain analysis, the DSP transfers the arc
fault detection flag to the higher-level controller. Two current
sensors are placed at both sides of the DC-link capacitor
as shown in Fig. 9. The downstream feeder current is used
for (19)—(24), and the second sensor is used to validate abnor-
mal current paths during disturbances.

The time-domain detector produces a fault indication when
the averaged DC-link voltage criterion in (17) is satisfied
under the repetitive-detection requirement in Fig. 11. The
compensated criterion in (18) can be enabled when Vi p
is available. The frequency-domain detector produces a fault
indication when the FFT-based condition in (24) is satisfied,
based on the normal-operation reference Iyc ror in (21)—=(22)
and the comparison logic in (22)—(23). The arc-fault flag is
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FIGURE 12. Experimental setups for arc fault detection.

TABLE 1. LVDC system and detector parameters.

parameters values
Pratea 30 kW
Vie, Luc 750V, 40 A
Cable/L 120 mm?, 300 m

0.042 Q, 630 pH

Rimemavs Liinemax

C, 700 uF
F 20 kHz
Vin (17)-(18)
FFT Size, N 512
Frequency Resolution (4f) 39 Hz
FFT decision gain (a) (22)
FFT Threshold (/) (24)

transferred to the higher-level controller only when both the
time-domain and frequency-domain indications are satisfied.
If only the time-domain criterion is satisfied, the event is
treated as a voltage-only anomaly and no trip is issued, while
the FFT-based metric continues monitoring for confirmation.
If only the frequency-domain criterion is satisfied, the event
is treated as a spectrum-only deviation and no trip is issued,
while the voltage criterion continues monitoring for confir-
mation. In both cases, the one-sided indication is cleared
automatically when its own condition is not satisfied at sub-
sequent checks or FFT updates. This two-stage confirmation
rule reduces nuisance trips during non-fault disturbances.

IV. EXPERIMENTAL RESULTS

Fig. 12 shows the experimental setups to verify the per-
formance of proposed capacitive LVDC systems and fault
detection algorithm, which used power supply and DC
load. The arc fault generator is designed with two copper
electrodes, which is designed with UL 1699B standards.
Also, the motor separates electrodes with designed arc
gap-length and moving speed. The power line between the
power source and load is 300 meters. The DC-link capac-
itor is designed with 700 uF for fault detection. Table 1
shows the key LVDC system parameters and the detector
configuration, including capacitance values, worst-case line
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FIGURE 13. Arc fault detection using voltage analysis: (a) Arc fault

condition with rated load, (b) Arc fault condition with mid load, (c)Vyjni,p
variation, (d) Load current variation.

parameters, sampling/FFT settings, and decision thresholds
for the time-domain and frequency-domain detectors.

Fig. 13 shows the experimental verification of series arc
fault detection capability using proposed grid structure and
algorithm. Fig. 13 (a) shows the series arc fault between
DC-link voltage and load. The designed sampling speed is
20 kHz, which requires 25.6 ms for single FFT calculation.
When the P is designed as 10, the calculation time of FFT
is 256 ms to detect the fault condition. In addition, voltage-
based fault detection requires only 1 ms. Therefore, the arc
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fault detection speed is determined with frequency domain
analysis. In the experimental results, designed method detects
the arc fault condition within 270 ms. Fig. 13 (b) shows
the series arc fault condition at the middle load. It also
detected within 270 ms. Fig. 13 (c) shows the variation in DC
link voltage. It can be classified as normal condition using
the frequency domain analysis. Fig. 13 (d) shows the load
current variation. It can be classified as normal condition
using the time and frequency domain analysis. Therefore, the
proposed capacitive DC grid is proper to detect the series arc
fault condition using the designed fault detection algorithm.
Fig. 8 shows the effect of capacitance variation, which uses
1 mF and 100 puF at 300-meter feeder line. The larger Cp,
reduces the input impedance, which increases the magnitude
of arc current variation. Therefore, C;, can be selected with
(12)-(13) to ensure sufficient margin under expected toler-
ances. The capacitor selection is based on the worst-case line
parasitics at the maximum feeder length using (9)-(14). The
immunity to common load transients using the experimental
results is discussed in Fig. 10 and Fig. 13. Those cases
show that typical DC-link voltage variation and load current
variation are classified as normal.

A time-domain-only baseline declares a fault when the
DC-link voltage condition in (17) is satisfied. This approach
enables millisecond-level reaction because the computation
is executed at every sampling instant. However, Vi, varies
with operating conditions such as 1. and Vg« p, which can
increase nuisance sensitivity under non-fault disturbances.
This limitation is illustrated by the representative Vi, p
variation case in Fig. 10 (b), where a voltage-only rule can
be challenged without compensation. An FFT-only baseline
declares a fault when the spectral criterion in (24) is satisfied.
The decision latency is dominated by FFT windowing and
accumulation. When f; is 20 kHz and N is 512, one FFT win-
dow corresponds to 25.6 ms, and using ten consecutive FFT
windows yields approximately 256 ms per decision update.
The frequency-domain criterion is less affected by DC-link
voltage disturbances in the representative case, as shown
by the normal classification in Fig. 13(c). The coordinated
detector asserts the trip flag only when both the voltage-based
criterion and the FFT-based criterion indicate a fault as shown
in Fig. 11. This two-evidence requirement rejects one-sided
indications and explains why representative non-fault distur-
bances, including Vp;, variation and load-current variation,
are classified as normal in Fig. 13 (c)—(d), while arc faults are
detected within 270 ms in the reported experiments.

V. CONCLUSION

The DC grid systems require high reliability and safety for
stable operation. However, the DC series arc fault condi-
tion is difficult for detecting its failure, because it operates
as the small arc resistance. In addition, the power line
operates as a large inductance, which minimizes the fault
characteristics. This paper proposes the capacitive DC grid
to minimize the load impedance for arc fault detection.
The proper capacitance selection and sensing structure are
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analyzed for classifying the normal and faults. In addition,
the frequency and time domain analysis are coordinated with
designed system structure. The experimental results can ver-
ify the performance of arc fault detection and classification
of normal and arc faults.
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