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DC-Arcing Detection by Noise Measurement With
Magnetic Sensing by TMR Sensors
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An arc fault establishes a current path in the air which may cause malfunction of direct current (dc) system and even a fire
hazard. Arc fault detection is essential to improving the reliability, efficiency, and safety of the dc system. However, the randomness
of dc arc faults makes it difficult to define their characteristics. In this paper, a magnetic-sensing-based technique is proposed to
detect dc arc. This paper developed a promising dc-arcing detection technique based on the analysis of frequency-domain features
of the magnetic field measured by a magnetic sensor. The effects of the supply voltage, load current, and electrode diameter on
the frequency domain of the arc current were investigated. The experimental results show that the proposed detection technique
could reliably discriminate the normal operation and arc fault. This technique is cost-effective because it can be implemented with
low-cost magnetoresistive sensors and does not require an expensive current transformer.

Index Terms—Direct current (dc) arc fault, fault detection, magnetoresistive sensor, noise measurement.

I. INTRODUCTION

IRECT current (dc) systems have received increasing

attention with the development of renewable energies,
electrical vehicles, storage devices, and other applications
involving dc [1]-[5]. DC arc fault, which is unintentional and
harmful, challenges the safety, reliability, and efficiency of
the dc system. It may be caused by aged or damaged wires,
a loose connection of connectors, and the accidental current
path between conductors. The undetected arc faults may spread
to adjacent circuits and even lead to fire hazards. For example,
dc arc faults in photovoltaic (PV) systems have already caused
several fire hazards worldwide [6]. According to National
Electrical Code 2011, arc fault protection is required for PV
systems with a maximum voltage larger than 80 V. In order
to detect the dc arc faults, various detection techniques have
been widely researched.

There are mainly three methodologies to detect dc arc
faults: frequency-spectrum analysis, wavelet transformation,
and electromagnetic radiation. The wavelet transformation
attains the arc information in a time—frequency domain for arc
detection, but the accuracy depends on the correct selection of
the “mother wavelet” [7], [8]. The electromagnetic radiation
of dc arc from 1 to 100 MHz could be used for arc detec-
tion [9], [10]. However, the appearance and amplitude of the
arc signals are arbitrary leading to the difficulty and unrelia-
bility in identifying dc arc. Although the frequency-spectrum
analysis detecting arc through the signatures of the frequency
domain is of higher accuracy and is widely adopted [11]-[13],
the aimed frequency range and the threshold of power spectra
to differentiate between dc arc and normal operation are
unspecific. Despite the fact that different methodologies have
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been researched to detect dc arc faults, the characteristics of dc
arc need further investigation and reliable techniques to detect
dc arc faults are still lacking.

In this paper, the proposed technique can detect dc arc by
the analysis of frequency-domain features of the arc current
measured by a magnetoresistive sensor. A model composing
of pink noise and white noise is introduced to analyze the
frequency spectra of the arc current. The fitting parameters
of the model can be used to effectively identify dc arcing.
Magnetoresistive sensors are capable of measuring electric
current [14], and they are of low cost and small volume.
Hence, this technique can be cost-effective and compact.

In Section II, an experimental system was developed to
study the characteristics of dc arc. The performance of the
magnetoresistive sensor was examined by comparing the mea-
surement results with that obtained with a current probe.
In Section III, the influence of supply voltage, load current,
and electrode diameter on the frequency domain of the arc
current were investigated. The frequency spectra of arc current
were numerically fit by the pink noise equation. The derived
parameters were used to distinguish the normal operation and
sustained arcing. The conclusion is drawn in Section I'V.

II. ARC DETECTION SYSTEM BASED
ON MAGNETIC SENSING

A. Experimental Setup

The experimental setup consists of an arc generator, resistive
loads, a 10 kW dc power supply, a current probe, a tunnel mag-
netoresistance (TMR) sensor (MultiDimension TMR2001),
amplifiers, and an oscilloscope. Fig. 1(a) and (b) shows the
photograph of the setup. The dc power supply, arc generator,
and resistive load were connected in series. The dc arc was
induced between the two copper electrodes by operating the
stepper motor to create a gap length of 0.5 mm. The current
probe and TMR sensor were used to measure the load current
in normal operation and sustained arcing. The TMR sensor
senses the current based on the magnetoresistance effect of a
magnetic tunnel junction (MTJ). The electrical resistance of
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Fig. 1. Experimental setup of the arc detection system. (a) Diagram of the
setup. (b) Photograph of the setup.

TABLE I
EXPERIMENTAL CONDITION

Electrode material Copper
Electrode diameter (mm) 3,5
Gap length (mm) 0.5
Supply voltage (V) 48 to 300 in step of 12
Load current (A) 4,5,6,8,10, 16

an MTJ changes as a function of the magnetic field emanated
from the current, and thus the current can be determined based
on this phenomenon [15]. The TMR2001 exhibits a typical
TMR ratio around 200%, and it can provide high sensitivity
of 80 mV/V/mT [16]. It was supplied with a constant voltage
of 5 V and operated within its linear range of the transfer
curve. The experimental conditions are provided in Table I.
The characteristics of arcing were investigated from 48 to
300 V in a step of 12 V. The experiments of different current
and electrode diameters were also conducted to evaluate their
influences on dc arc.

B. Background and Methodologies

The load current was measured by the current probe and
TMR sensor in the experiment with the 3 mm diameter of
copper when supplied with 48 V and 6 A. As shown in Fig. 2,
from a period of 0.5 s of their time-domain current wave-
forms [Fig. 2(a)], the frequency spectra [Fig. 2(b)] of normal
operation current and sustained arcing current were extracted,
respectively. The measurement results in Fig. 2(a) suggest that
the current in normal operation and sustained arcing can be
measured by both the TMR sensor and the current probe.
Although the arc current detected by TMR sensor was larger in
oscillations, the magnitude and variations were consistent with
the results from the current probe. Therefore, the fast Fourier
transform (FFT) spectra of the current waveform measured
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Fig. 2. Current from the TMR sensor and current probe when supplied
with 48 V and 6 A. (a) Time-domain current waveforms (the current measured
by the TMR sensor is shifted downward by 1 A for clarity). (b) PSD from
2 Hz to 50 kHz.

from the TMR sensor and the current probe are similar to
those depicted in Fig. 2(b).

In the presence of an arc fault, the frequency spectrum
of the load current is composed of both pink and white
noises [17]-[19]. The significant increase of the power spectral
density (PSD) at low-frequency range from O to 1 kHz as
shown in Fig. 2(b) can be attributed to the pink noise. Equa-
tion (1) can be applied to numerically fit the frequency spectra
by a superposition of pink and white noises characterized by
the fitting parameters of slope (y) and magnitude (A). These
fitting parameters can then be used to determine the presence
of the dc arc

A
S(f) = I8 +c (1)
where S is the PSD, f is the frequency, and A, y, and ¢ are
constants.

The current probes and current transformers (CTs) used
in current research are bulky and expensive which can eas-
ily cost over several hundred dollars [7], [17], [20]. The
TMR2001 only costs a few dollars, and the size is about
3 mm x 3 mm X 1.5 mm. Therefore, the size of sensor is
largely reduced by over 100 times and a cost reduction by
over 90%, comparing with the relatively low-cost CT [17], can
be achieved with this technique. More importantly, the TMR
sensing approach is superior to the current probe approach
because it is non-contact and it does not require making
contact and clamping around the cable.
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Fig. 3. Frequency spectra of the current when supplied with the power supply
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with 48 V.

Frequency spectra of the current at 6 and 16 A when supplied

III. ANALYSIS OF FREQUENCY-DOMAIN FEATURES
A. Source of the Pink Noise

In order to verify that the pink noise was not caused by the
power source, the experimental results obtained with dc power
supply were compared with that obtained with batteries. Four
12-V lead-acid batteries were connected in series to provide
48 V. According to Fig. 3, their frequency spectra of the arc
current are similar to those obtained with the dc power supply
which indicates that the pink noise did not come from the
power source. Since the resistive load does not produce pink
noise [21], [22], the only possible source of the pink noise is
the dc arc.

B. Effects of Current and Electrode Diameter on Arcing

The experiments with a supply voltage of 48 V and the load
current varied from 6 to 16 A were carried out to investigate
the current effect on the frequency-domain features of the dc
arc. As shown in Fig. 4, the frequency-spectrum PSD of the
load current at 16 and 6 A are similar.

The electrodes of the diameter of 3 and 5 mm were used
in the experiments at 48 V and 300 V with a load current of
6 A to investigate its effect on the characteristic of dc arc.
The frequency spectra under normal operation and sustained
arcing are shown in Fig. 5. The spectra of electrode diameter
of 3 and 5 mm are similar except the strength of the pink
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Fig. 5. Frequency spectra of the current with electrode diameter in 3 and
5 mm when supplied with (a) 48 and (b) 300 V.
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Fig. 6. FFT spectra of normal operation and sustained arcing at 48, 156,
and 300 V, respectively.

noise at low frequency decreased slightly with the electrode
diameter from 3 to 5 mm. In summary, the effects of load-
current magnitude and electrode diameter on the strength of
the pink noise of the arc current are insignificant, although
the effects could be stronger for larger current or electrode
diameter.

C. Effects of Voltage on Arcing

In order to study the voltage effect on dc arc, experiments
were conducted with the voltage increased from 48 to 300 V
in a step of 12 V. The experiments were carried out at a
load current of 6 A with the 3 mm diameter of copper
electrodes. The presence of arc caused a significant increase
of the PSD from O to 1 kHz which could be attributed to
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Fitting results of normal operation and sustained arcing from 48 to 300 V. (a) Fitting results of y at 5 A. (b) Results of A at 5 A. (c) Combined

parameter P at 5 A and an electrode diameter of 3 mm. (d) Parameter P at 4, 5, 6, 8, and 10 A for an electrode diameter of 3 mm and 6 A for 5 mm.

(e) Difference between P;_g and P;_p in decibels.

the pink noise as explained in Section II. This phenomenon
was particularly pronounced for the arcing at a lower voltage
(e.g., 48 V). As the voltage increases, the arc current becomes
more similar in nature to the normal operation current. There-
fore, the strength of the pink noise of the arc current decreased
with the voltage. This trend is clearly demonstrated by the
results measured by the TMR sensor at 48, 156, and 300 V
in Fig. 6.

D. Methodology to Identify Arcing

In order to identify the dc arc, the pink noise induced by
arcing from 48 to 300 V was investigated. The frequency
spectra of the arc current were fit by (1), and the fitting results
of y and A were extracted. The fitting results at 5 A and
electrode diameter of 3 mm are shown in Fig. 7(a) and (b).

The parameter differences between normal operation and
arcing can be applied to determine the presence of dc arc.
However, there is no discrepancy in y for voltage lower than
120 V and A for voltage over 228 V. Therefore, it is necessary
to combine y and A to achieve a parameter that can be applied
for identification of arc throughout the whole voltage range
from 48 to 300 V.

Since y increases, while A decreases with the voltage, the
combination of them should be close to a flat curve with the
clear discrepancy between normal operation and arcing. The
combined parameter P is derived from y and A using (2).
y 1is scaled by k, which is the mean value of y divided by
A as the scale factor, to make y and A in the same order
of magnitude. The combined parameter P is the summation
of scaled y and A. The combined parameter P shows clear
discrepancy between normal operation (P;_y) and sustained
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arcing (P;_g) throughout the whole voltage range from 48 to
300 V, as depicted in Fig. 7(c)

Pi(Pi_y, Pi_s) = [(% — yl) X 10+A,~] x 10°

==

=z

i =1,2,3,...22 (denotes the voltage from
48 V to 300 V in step of 12 V) (2)

Pis 3)

dP = 10log

i—N
where P; is the combined parameter, P;_y is the P; in normal
operation, P;_g is the P; in sustained arcing, y; is the y from
48 to 300 V, y; is the y at 48 V, k is the mean value of
(yi/Aj), and d P is the difference between P;_g and P;_y in
decibels.

The combined parameter P for the normal operation and
sustained arcing at 4, 6, 8, and 10 A from 48 to 300 V in
a step of 36 V with an electrode diameter of 3 mm and at
6 A with an electrode diameter of 5 mm was derived and
compared. These results are shown in Fig. 7(d). The difference
between P;_y and P;_g in decibels can be calculated from (3),
and the results are shown in Fig. 7(e). According to Fig. 7(d)
and (e), the combined parameter P shows clear discrepancy
(with a difference of at least 19.7 dB) between P;_y and P;_g
under all these situations with different voltages, currents, and
electrode diameters. This is consistent with the findings that
the effects of current and electrode diameter on frequency-
domain features of dc arcing are insignificant.

Consequently, this arc detection technique was demon-
strated to be capable of identifying arc using the combined
parameter P under various voltage, current, and electrode
diameter.

IV. CONCLUSION

The effects of voltage, current, and electrode diameter on dc
arc were studied by analyzing the frequency-domain features
of arc current measured by a TMR sensor. The pink noise
generated by arcing was evaluated to derive the parameter
for reliable identification of arc. The effectiveness of the
proposed technique was demonstrated for dc-arcing detection
from 48 to 300 V and current up to 16 A. The technique
was also applicable with different electrode diameters (3 and
5 mm, respectively). A clear discrepancy of over 19.7 dB was
observed between normal operation and sustained arcing with
this technique. Future work will be focused on further inves-
tigating the effects of voltage, current, and electrode diameter
beyond the range studied in this paper to more precisely
determine the working region of this detection technique.
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