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Abstract: Owing to the shortcomings of existing series arc fault detection methods, based on a
summary of arc volt-ampere characteristics, the change rule of the line current and the relationship
between the voltage and current are deeply analyzed and theoretically explained under different
loads when series arc faults occur. A series arc fault detection method is proposed, and the software
flowchart and principles of the applied hardware implementation are given. Finally, a prototype of
an arc fault detection device (AFDD) with a rated voltage of 220 V and a rated current of 40 A
is developed. The prototype was tested according to experimental methods provided by the
Chinese national standard, GB/T 31143-2014. The experimental results show that the proposed
detection method is simple and practical, and can be implemented using a low-cost microprocessor.
The proposed method will provide good theoretical guidance in promoting the research and
development of an AFDD.

Keywords: series arc fault; volt—-ampere characteristic; detection; arc fault detection device (AFDD)

1. Introduction

An arc is a continuous luminous discharge of electricity across an insulating medium, usually
accompanied by a partial volatilization of the electrodes, and is a very complicated electromagnetic
reaction process [1]. An arc fault is the phenomenon of a gas-free discharge caused by an air breakdown
owing to the aging of the insulation in electrical lines or equipment, loosening of electrical connections,
air humidity, and/or a sharp rise in voltage or current [2]. An arc occurs continuously during a certain
period of time, and the internal temperature of the arc fault can reach 5000-15,000 °C [3], which is an
important factor that may cause an electrical fire. When a series arc fault occurs in a line, a traditional
circuit breaker cannot provide protection because the line current is less than the normal working
current [4]. Therefore, a reliable series arc detection method and protection technology is important
for reducing electrical fires. Major countries worldwide have promulgated standards for arc fault
detection and protection. For example, in 1998, the United States promulgated the relevant design
standard, UL 1699, for arc fault circuit interrupters. The International Electrotechnical Commission
(IEC) promulgated the International Standard, IEC 62606: 2013, namely, “General Requirements for
Arc Fault Detection Appliances (AFDD),” in 2013. China also promulgated two national standards
related to arc fault detection and protection in 2014 [2,5]. At the same time, research into series arc
fault detection technologies has become a research hotspot in the field of electrical safety.

When series arc faults occur, the waveform of the current will show “shoulders” and sudden
changes in current. At the same time, the electrode or cable will be volatilized owing to the
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occurrence of arc faults, which will lead to inconsistent current waveforms in different half cycles
under arc fault conditions. Using the above features to detect the series arc, many algorithms
have been proposed, including temporal analysis [6], the three-cycle algorithm [7], broadband
noise [8], and algebraic derivative [9]. More studies have used frequency domain analysis methods.
A harmonic analysis has been conducted on a specific frequency band of the line current when arc faults
occur [10-14]. Some time—frequency analysis methods, such as a short-time Fourier transform [15],
wavelet transform [11,16-22], and Hilbert-Huang transform [23], have also been used for fault arc
detection. In addition, some pattern recognition methods have been used to help classify the situation
when an arc fault occurs, such as support vector machines [13] and neural networks [11,20,21,23].
Most of the above methods need to extract the current characteristics under the arc fault condition
based on the current waveform at the time of the arc fault and determine whether an arc fault has
occurred. The reasons for these phenomena have not been theoretically analyzed, and the features
extracted by some of the methods lack a practical physical meaning. The results under normal
conditions as calculated using many different algorithms have differed greatly under different loads
and have intersected with the calculation results for faults of other loads. If the number of current
waveforms analyzed and processed is insufficient, the extraction of features will be limited. Moreover,
these methods only detect the line current, and it is difficult to determine the type of load, which
increases the difficulty of correctly detecting series arc faults.

When a series arc fault occurs, the arc can be regarded as a dynamic nonlinear resistance element
in the circuit network. Its volt-ampere characteristics will affect the line current waveform and the
relationship between the supply voltage and line current. Based on the volt-ampere characteristics of
the series arc, the influence of a series arc fault on the circuit under different load conditions has been
deeply analyzed. On this basis, a series arc fault detection method and a corresponding hardware
implementation principle are proposed, and a prototype machine developed for test verification is
described. The difference between the research ideas in the present paper and most of the previous
studies conducted is that the former theoretically analyze and explain the causes of shoulders, pulse
currents, randomness, and other characteristics of series currents under different load conditions.
The present paper will provide good theoretical guidance in promoting the development of arc fault
detection and protection devices.

2. Volt-Ampere Characteristics of an Arc

The curve of arc voltage uy, to arc current iy, in a single cycle, that is, the volt-ampere characteristic
curve of an AC arc current, is shown in Figure 1. The arrow in the figure indicates the direction of
changes in i;,. The volt-ampere characteristics of the arc indicate the relationship between the arc
voltage and current, which is one of the most important characteristics of an arc. Under a stable
combustion state, if the distance of the arc gap is constant, because the ambient temperature has little
influence on the VA characteristics [24], during a zero-crossing of ij, the arc will be extinguished and
the arc gap resistance R;, will be large.

Un A

\4

Figure 1. Volt-ampere characteristic curve of an AC arc.
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Here, Ry, is numerically equal to the ratio of uy, to ij,. It can be seen from Figure 1 that R, changes
dynamically. Before uy, increases to the ignition voltage U, (point A), iy, is small, and Ry, is basically
kept at a large value, generally above the giga-ohm scale. When uy, increases to U, Ry, will fall below
1 Q) in tens of nanoseconds [25-27]. In addition, #; will begin to increase and R, will further decrease.
This can be further interpreted as 7, increasing and u;, decreasing. When i), starts to decrease after
reaching the maximum value (point B), R;, will increase. However, owing to the thermal inertia of the
electrode and arc column gas, under the same current, Ry, is less during the period of a decrease in
current than during the period of an increase in current. When i, drops to near zero, uj, will reach Us
(point C), which is the arc-extinguishing voltage. At point C, the arc will be extinguished and R;, will
significantly increase. The arc volt-ampere characteristic curve in the third quadrant is similar to that
in the first quadrant except for the opposite current direction.

In fact, the volt-ampere characteristics of the AC arc are related to the temperature of the arc,
the magnitude of the supply voltage, and the material of the electrode [24,28]. The composition may
not be exactly the same each time an arc occurs, and thus the volt-ampere characteristics of the AC arc
may not be exactly the same.

Based on the circuit shown in Figure 2, the voltage and current waveforms of the measured AC
arc are as shown in Figure 3. A series arc is generated during the period of ty to ¢;. Although the
current is large at this time, because the arc gap is broken, the arc gap resistance R, is very small,
and thus the voltage uy, across the arc gap is also extremely small. The value of line current 7 is mainly
determined based on the power supply voltage # and load impedance Z. Because Rj, is connected
in series in the circuit, although Ry, is small, it will cause the effective value of i to be smaller than
under normal working conditions. When i drops to zero at time t, the arc is extinguished. If uy, is
extremely small at this time, it will be insufficient to continue breaking the arc gap. The value of R,
can be equivalent to a very large resistance, and i will be substantially zero for a certain period of time,
which is often called a shoulder. That is, when a series arc occurs in an AC circuit, the line current is
very close to zero for a period near the natural zero-crossing point.

i | Series arc generator :
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Figure 2. Test circuit of an AC series arc.

uy (100 V/grid) i (5 Algrid)

Figure 3. Voltage and current waveforms of an AC arc.

Because AC is used as the power supply and Ry, is extremely large when the arc gap is not broken,
uy, can be approximated as the power supply voltage 1. When u changes according to the sinusoidal
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law and reaches the arcing voltage U, at time #;, the arc gap is broken, the arc is ignited, and Rj, will
rapidly decrease to an extremely small value. At this time, R, will be substantially negligible compared
to the load impedance Z. In addition, i will start from zero and increase rapidly to U,/ | Z|, whichis a
sudden change in current when a series arc occurs.

It can also be seen from Figure 3 that the values of U, are not exactly the same during different
half cycles. The main reason for this is that when a series arc occurs, an arc combustion is often
accompanied by a local volatilization of the electrode, resulting in dynamic changes in the arc gap
spacing, the composition of the surrounding gas, and the temperature of the arc. Therefore, the arcing
voltage U is not exactly the same every time a series arc occurs. As a result, the effective value
and moment of a sudden change of line current i in each adjacent half cycle have a certain degree
of randomness.

3. Effects of Arc Volt-Ampere Characteristics on Different Types of Loads

In the previous sections, based on the causes of a series arc and its volt-ampere characteristics,
the reasons for the shoulder phenomenon, the sudden change in the line current, and the randomness
of the line current when a series arc fault occurs were analyzed. Such characteristics will produce
different line current waveforms and voltage—current relationships under different circuit loads.

In this section, we describe the effects of the volt-ampere characteristics of an arc on the line
currents, and the relationship between the voltage and current under various load conditions, such as
a purely resistive load, a load from a diode rectifier with a capacitor filter, and an inductive load.

3.1. Purely Resistive Load

Here, R indicates when load Z of the test circuit in Figure 2 is purely resistive. Figure 4a shows the
voltage and current waveforms when no arc fault occurs under a purely resistive load, and Figure 4b
shows the waveforms when a series arc fault occurs. Because the line load impedance is purely
resistant, a series arc can also be equivalent to a resistance whose value undergoes a dynamic change,
and thus 7 and u are in phase, as shown in Figure 4b. When u decreases to zero, i also falls to zero,
and the arc will be extinguished. During this period, the value of arc resistance Rj, is much larger than
the load resistance R;, and u, is approximately equal to u. Here, i = u/R;, and the value of i is close
to zero. When u increases to U, the arc gap is broken and a series arc is generated. The value of Ry,
will decrease rapidly and become much smaller than R;, and thus i will quickly increase from zero to
U, /Ry. During the following period, the value of i is basically determined based on u and R;, where i
~ u/Rr. Because the arc-extinguishing voltage U; is small, when u decreases to approximately zero,
i decreases to zero, and the arc will be extinguished. The voltage and current waveforms during the
period of decrease are not much different from the period during which no fault arc occurs. After that,
R;, will rapidly increase. Until u increases to U, again, the value of i remains at zero.

" (100 V/grid) pm (100 Vigrid)
A \ £ 5,1 (5 Algrid)

uy (100 V/grid) u (102 \:/ grid)

i (5 A/grid)

(a) Normal (b) Arcing

Figure 4. Resistive load.

It can be seen from the above analysis that when the load is purely resistive and series arc faults
occur, the circuit has the following characteristics:
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1. iisin phase with u;
The shoulders are obvious;

3. There will be a sudden change when i increases from zero, and i will suddenly increase from zero
to a certain value, which is mainly determined based on U, and R;;

4. While i decreases to zero, it has an approximately sinusoidal curve.

It should be noted that when series arc faults occur, the actual distance of the arc gap is
indeterminate. With a burning arc, the distance of the arc gap will change. The value of U, is
variable, and Rj, is a dynamic resistance, which causes the line current waveform to appear to be
random during different half cycles.

3.2. Diode Rectifier with Capacitor Filter

A diode rectifier with a capacitor filter is an important part of a switching power supply. Many
household appliances, such as computers, chargers, and liquid crystal displays, require such a
power supply.

This section analyzes the effects of the arc volt-ampere characteristics on the line current waveform
and the relationship between the voltage and current under the load of a diode rectifier with a
capacitor filter.

The output of the rectifier with a capacitor filter circuit is DC voltage, and the load of the circuit
can be equivalent to resistor R. Assume that the output voltage is U.. In general, to suppress the
conducted electromagnetic interference (EMI) generated by a switching power supply, it is necessary
to add an EMI filter in front of the circuit [29]. Figure 5 shows a diode rectifier with a capacitor filter
circuit. Figure 6 shows a diode rectifier with a capacitor filter circuit equipped with an EMI filter,
Lcm is a common-mode inductor.

] Series arc generator |
—_— | |
L — >
| 1ty | D D, .
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N

Figure 5. Test circuit of diode rectifier with capacitive filter without an electromagnetic interference

(EMI) filter.
i : Series arc generator :
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Figure 6. Test circuit of diode rectifier with capacitive filter and EMI filter.
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Figure 7a shows the waveforms of the current and voltage when no series arc faults occur and
when the load is from a diode rectifier with a capacitor filter circuit, whereas Figure 7b shows the
waveforms when series arc faults occur. Pulses are present in the two current waveforms and have
similar shoulders. As the reason for the results in Figure 7a, when u is less than U,, the diodes are
not conducting. The current waveform shown in Figure 7b has random characteristics owing to the
dynamic change in the arc resistance when an arc fault occurs. By detecting randomness, one can
detect whether an arc fault has occurred.

1y (100 V/erid) 1 w(00 Vigrid) 100 Vigrid)

/A

1 (100 Vi/grid)
i(5 Algrid)

L 1 L L 1 1

(a) Normal (without EMI filter) (b) Arcing (without EMI filter)

. —— (100 Vigrid) [ ' " (100 VIgrid) — , (100 Verid)
i(5 A/grid) i(5 Algrid)

om0 (100 V/grid)

L I 1 1

(c) Normal (with EMI filter) (d) Arcing (with EMI filter)

Figure 7. Diode rectifier with capacitive filter.

Figure 7c shows waveforms of the voltage and current when the load is from a diode rectifier
with a capacitor filter circuit equipped with an EMI filter and when no series arc faults occur, whereas
Figure 7d shows the waveforms when series arc faults do occur. It can be seen from Figure 7c that
there is no sudden change in the line current waveform owing to the presence of inductance in the
filter. Although it has similar shoulders, the time frame is much longer than the shoulders caused by
the arc faults under a purely resistive load. Moreover, the current waveforms in each half cycle are
approximately the same, and no randomness occurs.

The explanation of the results in Figure 7d is as follows. Assume that the voltage on capacitance
Cyisuy. When lu — uj | < U, the arc gap cannot be broken, the arc gap resistance Ry, is extremely
large, and current i is zero; however, when |u — uy | > U, the arc gap is broken, a series arc occurs,
and Ry, rapidly decreases. Because uy is less than U, the diodes remain in a reverse blocking state.
Moreover, the inductance in the EMI filter will block the passage of the current. Most of current i will
charge Cy. In addition, 7 will increase rapidly from zero to U, /R;,. Because the capacity of capacitance
Cy is too small, u;, increases much faster than u, causing uy, to decrease rapidly and become smaller
than Us; the arc will then be extinguished, and i will rapidly decrease to zero, which is why the pulses
appear in the current waveform. Owing to the influence of the filter inductor, the voltage u; on Cy
does not change much during the following period. With the increase in 1, when u > (u;, + U,), the arc
gap will be broken again. A pulse again appears in i. Other pulses also appear for the same reason.
Moreover, u;, will continue to increase, and when its value approaches Uy, if u continues to increase
and meets the condition lu| > U, + U, the arc will occur again. During this period, the diodes are
randomly turned on or off, the reason for which is as follows: because the distance of the arc gap is
uncertain, the arc-extinguishing voltage Us is uncertain even at the same current. When the arc gap
is broken, if u, is always larger than U; during the increase in uj, the arc will be not extinguished,
and the diodes will turn on. If u;, < Us at some point during the period of increase in 1y, the arc will be
extinguished, and the diode will not turn on.
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From the above analysis, when series arc faults occur when the load is from a diode rectifier
with a capacitor filter equipped with an EMI filter, the current waveform of the circuit has the
following characteristics:

1.  Pulses will occur multiple times within a half cycle, and because the diodes are likely to conduct
as the voltage decreases, forming a stable line current i, there are more pulses during the period
of voltage increase than during the period of decrease;

2. The waveform of i also has random characteristics in different half cycles.

Based on the above characteristics, it is easier to judge whether series arc faults occur under this
load. When arc faults occur, the volt-ampere characteristics are mainly affected by the capacitance
Cy. Thus, analyses and a summarization of the waveforms when series arc faults occur under a pure
capacitive load are not provided herein.

3.3. Inductive Load

When load Z in Figure 2 is inductance L, Figure 8a shows the voltage and current waveforms of
the line when no fault arc occurs, and Figure 8b shows the waveform when the circuit incurs a series
arc fault. In Figure 8b, the phase of i lags u by approximately 90°, and when u is at maximum, i crosses
zero, and the arc will be extinguished. At this time, it can be determined from the arc volt-ampere
characteristics that u, is approximately zero, which is insufficient to break the arc gap. However, after
the arc fault is extinguished, R, will increase rapidly, which is equivalent to adding u to the arc gap.
Because the phase difference between u and i is approximately 90°, u is near the peak and is larger
than U, and thus the arc gap will be quickly broken, and R;, will rapidly decrease. Therefore, the
shoulders are much smaller than under a purely resistive load.

2 (100 V/grid) ‘ ‘ . u (100 V/grid)
i (5 Algrid)

L L L L L L

(a) Normal (nearly purely inductive load) (b) Arcing (nearly purely inductive load)
1 (100 V/grid)
i(5 A/grid)

(c) Arcing (resistance-inductance load)

Figure 8. Resistance-inductance load.

According to the above analysis, when the load impedance is close to the pure inductive load and
a series arc fault occurs, the circuit has the following characteristics:

1.  The phase of u is approximately 90° ahead of i;
2. The shoulders are not obvious;
3.  There is no sudden change in current, and i is similar to a sinusoidal wave.
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Figure 8c shows waveforms of the voltage and current when series arc faults occur in a circuit
when the load is from a motor. A pulse current may occur when series arc faults occur, the main reason
for which is that parasitic capacitance C,, appears in the inductor, as shown in Figure 9. Differing from
a point close to a purely inductive load, when i crosses zero, the arc will be extinguished, and R;, will
rapidly increase. Although the arc gap voltage is equal to u at this point, u is not near the peak. If u is
less than Uz, it will not break the arc gap, and the arc will be extinguished. When u is increased, the arc
gap will be broken. Most of i will charge C, at that moment. If the capacity of Cy, is sufficiently large,
a pulse current will occur; otherwise, a pulse current will not occur. This is because, if the capacity of
Cy is extremely small, the voltage of Cy, will quickly increase to the power supply voltage, whereas
the increase in pulse current will be smaller.

Figure 9. Equivalent circuit of resistance-inductance load.

From the above analysis, the circuit has the following characteristics when series arc faults occur
in the resistance-inductance load:

1. The phase of u is ahead of i;
2. There are obvious shoulders;
3. There may be several pulse currents in the shoulders.

The above characteristics can be used as a basis for detecting series arc faults under a
resistance-inductance load.

4. Series Arc Fault Detection

From the above analysis, the line current and relationship between the voltage and current will
be influenced by the series arc under a purely resistive load, the diode rectifier with a capacitor filter,
and the inductive load. A way to utilize the shoulders, impulse current, randomness, and other
characteristics of a fault current waveform for detecting a series arc fault is introduced in this section.
This section also describes the designed hardware and software and an experimental verification.

4.1. AFDD Hardware Circuit Design

The hardware of the AFDD includes a control section, input voltage detection, line current
detection, and tripping, as shown in Figure 10. The digital signal processor (DSP) TMS320F28035 from
Texas Instruments (TI) is adopted as the core of the control system. The input voltage is collected by
the voltage detection circuit and processed by the signal conditioning circuit, and then input to the
DSP; the amplitude and phase information of the voltage is then obtained. The line current is collected
by the current sensor, and then enters the DSP. When the DSP detects a series arc fault, it outputs a
control signal to trip the circuit breaker and protect the line.
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Current sensor [\

Signal
conditioning

DSP

[

Switching| |
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=

Voltage

sensor load

Signal
conditioning

Figure 10. Hardware circuit diagram of arc fault detection device (AFDD).

4.2. Series Arc Fault Detection Method

Figure 11a—c shows flowcharts of the main program, the voltage and current signal acquisition
program, and the arc fault detection program, respectively. The main program mainly judges whether
the number of arc events in a given time meets the conditions to start the corresponding alarm and
protection programs. When the number of arc events exceeds the set number of arc events requiring
an alarm during a given period of time, it can be judged that series arc faults have occurred in
the line, which can prevent a series arc from being judged as a fault arc when plugging into and
pulling out of the socket. The voltage and current signal acquisition program is realized using the
Analog-to-Digital (A/D) interrupt service program, which samples and saves the voltage and current
signal regularly. The arc fault detection program is also implemented using an interrupt service routine.
The zero-crossing point of the AC input voltage is used as the triggering of the external interrupt
source, that is, every half cycle is used as an arc fault identification time unit. When series arc faults
are detected in an identified unit of time, the program judges that the identified unit of time is a fault
unit, and a value of 1 is added to the number of arc events.

Start
Variable
Sampling voltage and
Enable timer, AD current signal
interrupt, external
interrupt

Save voltage and current
data

hether it exceeds
the giventime

Number of samples
lus 1

Eeset the start

Read the value of fime of a given

the number of arc fime
events

umber of samples=Set
idenfification unit value

The mmber of samples is
N cleared and the A/D
interrupt is disabled.

Alarm and
protection

(a) Main program flowchart (b) Voltage and current signal acquisition program
i w
prog flowchart

Figure 11. Cont.
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Enzble A/D interrupt

current signals

Read the previous
identification time unit l

voltage and aurrent data Combined with the voltage-current phase

relation. the zero-rest time. the number of pulse
currents and the randomness of current signals

Calculate the value of the zero ime of the previous of the former identification time unit are
identification time unit and record the relationship analvzed.
between zero rest and voltage phase \

Calculate the number of pulse curents and record the
pulse current and voltage phase relationship at the
moment of pulse generation

l

Calculate the current rms value ofthe
previous identification time unit and
save it

Mest
the series arc fault
criterion

The number ofarc eventsis
l increased by 1, and the
identification time unit where the
arc islocated is recorded.

Read several consecutive
identification time unit current signals

End

(c) Arc fault detection procedure flowchart

Figure 11. Flowchart of series arc fault detection method.

In the algorithm design, to adjust the threshold value of each criterion and adopt the appropriate
detection algorithm, the phase relation between the voltage and load current of the power supply is
first detected, and the load type is judged preliminarily. Then, the times of the shoulders, pulse currents,
randomness, and other parameters of the line current are detected.

4.2.1. Detection of Shoulder Time

The method for detecting the shoulder time is as follows. In each arc fault identification time
unit, N current signals are collected at a fixed frequency. When the absolute value of the sampling is
below the threshold (I;hax1) and the absolute value of the difference between one sampling point and
the next sampling point is below the threshold (I;,x2), this sampling point is judged as the current
zero-crossing point. The number of current zero-crossing points in the zero-crossing zone in each
identification time unit can be considered as a shoulder time in the identification time unit.

4.2.2. Detection of Pulse Current

The detection method of the pulse current is as follows. The difference between each of two
adjacent current signals collected in one identification time unit is calculated. Because the sampling
time is fixed, it can be considered that the difference between two adjacent current signals is the
rising or falling rate of the current signal in this identification time unit. When the rising and falling
rates of the current exceed a certain threshold, it is considered that a pulse current has occurred.
The number of pulse currents in each recognition unit, and the time of occurrence, are counted and
calculated, respectively.

4.2.3. Detection of Randomness

The procedure for detecting the randomness of a line current waveform is as follows.

The absolute value of N current signals collected in each arc fault identification time unit is taken
and recorded as x(n),;, where m represents the unit number, and # represents the sample point number
within each unit, where 1 <n < N.
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The randomness of the corresponding sampling points of three adjacent units are calculated
according to Equation (1):

Zy = ‘(‘x(n)m—l_x(n)m| + ’x(i’l)m+1—X(11)m‘ - |x(n)m+1—x(n)m_1|) Jm =2 (1)

and the Z values of all N points are added.
0=Z1+Zr+...+Zn ()

When no arc occurs, J is generally small; when an arc occurs, ¢ is generally large. When J is
greater than a certain threshold, it can be determined that the identification time units are faulty.

The method needs to know the current data of at least three identification time units. For some
loads, such as air compressors, or when certain loads are started, 5 is large. More identification time
units need to be calculated to avoid false positives.

5. Test Verification and Analysis

To verify the correctness of the series arc fault detection method proposed in this paper, an AFDD
prototype was developed. The relevant electrical parameters are as follows: a rated voltage of 220V,
and a rated current of 40 A. Figure 12 shows the AFDD prototype.

Figure 12. Prototype of an AFDD.

A series arc fault test platform was designed and built with reference to the Chinese national
standard GB/T 31143-2014. Figure 13a shows the series arc fault test circuit. Figure 13b shows the arc
generator. Figure 13c shows the laboratory test platform. The arc generator consists of a stationary
electrode and a moving electrode; one electrode is a carbon-graphite rod and the other electrode is a
copper rod. We adjust the distance between the two electrodes by controlling a stepper motor, which
will produce a continuous arc when the two electrodes are separated by a certain distance. The digital
oscilloscope model used is a Tektronix DPO3054. A TCP0030 current probe is used for current signal
acquisition, and a P5200A /50 MHz high-voltage differential probe is used to collect the voltage signals.

_°

|
|
|
: Oscilloscope Voltage || joad
|

probe
Current probe

aaiv

(a) Series arc fault test circuit

Figure 13. Cont.
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Figure 13. Series arc fault test.

The AFDD prototype was tested under a purely resistive load, and using a vacuum cleaner
and a desktop computer. The load voltage, line current, and breaking time of the AFDD prototype
were recorded simultaneously during the test. Figure 14 shows the waveforms of the series arc fault
detection under a purely resistive load, and when using the vacuum cleaner and desktop computer.
The breaking times of the AFDD prototype are shown in Figure 14. The breaking time of the purely
resistive load (at 660 W) is 0.1386 s, the breaking time of the vacuum cleaner (at 1100 W) is 0.1204 s,
and the breaking time of the desktop computer (at 500 W) is 0.0792 s. In summary, the AFDD prototype
can detect the series arc faults correctly for the resistance load, vacuum cleaner, and desktop computer.
The breaking time meets the time limit stipulated by GB/T 31143-2014.

It should be pointed out that, as analyzed in Section 3.3, the effective value of the current will
decrease to a certain extent when a series arc fault occurs under a purely inductive load; however,
the shoulders, pulse current, and even randomness are not obvious, which brings about great difficulty
in the detection of a series arc fault. However, under actual circumstances, a purely inductive load is
almost absent, and the load is mostly a resistor-inductance load. At present, the two standards GB/T
31143-2014 and GB 14287.4-2014 promulgated in China are only for series arc fault detection under
several specific load conditions. For these loads, the analysis method described in this paper can also
summarize the characteristics of the line current waveform and the relationship between the voltage
and current when series arc faults occur, thereby obtaining the detection basis of a series arc fault.
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Figure 14. Detection waveforms of series arc faults.
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To further verify the effectiveness of the detection method proposed in this paper, the AFDD
prototype was tested under certain loads, such as fluorescent lamps, halogen lamps, inverter air
conditioners, hand drills, dimming lamps, and their combination, as specified in GB/T 31143-2014.

Three hundred tests were carried out under each load, and the test results are shown in Table 1.
It can be seen from Table 1 that the AFDD prototype can operate correctly regardless of the load,
and the breaking time meets the requirements of GB/T 31143-2014. It should be pointed out that
in the laboratory test, if the arc fault occurs, the current is small. The collected current signals have
fewer pulses and less randomness, and the threshold will be difficult to determine. Sometimes
missed judgments occur. The accuracy of the series arc fault detection reaches 95% or higher for all
test processes. The correctness of the series arc fault detection method proposed by this paper is
thus verified.

Table 1. Test results of AFDD prototype.

Load Power (W) Breaking Time (s)  Mean (s) Ste'mc‘lard
Deviation (s)

660 0.138-0.680 0.380 0.143

1320 0.189-0.368 0.294 0.045

Adjustable resistor 2860 0.100-0.129 0.116 0.007

4400 0.130-0.143 0.135 0.003

8800 0.103-0.114 0.108 0.003

Vacuum cleaner 1100 0.110-0.289 0.187 0.042

Fluorescent lamp 350 0.069-0.181 0.125 0.021

Halogen lamp 565 0.078-0.289 0.173 0.044

Inverter air conditioner 2225 0.098-0.207 0.142 0.021

Hand drill 600 0.275-0.425 0.347 0.040

Dimming light 600 0.214-0.568 0.384 0.087

Desktop computer 500 0.071-0.162 0.113 0.020

Vacuum cleane.r and adjustable 1700 0.134-0.193 0151 0.012

resistor

Inverter air conditioner and 2825 0.113-0.202 0.142 0.016
dimming light

Fluorescent, halogen, hand drill, 2015 0.068-0.173 0112 0.019

and desktop computer

6. Conclusions

Based on a summary of the arc volt-ampere characteristics, this paper analyzes the causes and
features of the shoulders, pulse currents, and randomness of series currents under different load
conditions. In addition, a series arc fault detection method is proposed.

An AFDD prototype with a rated voltage of 220 V and rated current of 40 A was developed, and a
software flowchart and hardware implementation principle of the AFDD were provided. The prototype
was tested using the GB/T 31143-2014 test method, and a large number of tests were carried out
under various loads and different power conditions, the results of which show that the proposed
detection method is simple and practical, with high detection accuracy and low cost for microprocessor
implementation. This study will have a good role in promoting the development of arc fault detection
and protection devices.
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