energies MoPy

Article
Phase Analysis of Series Arc Signals for Low-Voltage
Electrical Devices

Hong-Keun Ji 1, Sung-Wook Kim 2 and Gyung-Suk Kil *

I Physics and Engineering Division, National Forensic Service, Busan 50612, Korea; hkjil024@korea.kr

2 Division of Smart Electrical & Electronic Engineering, Silla University, Busan 46958, Korea;
numberl@silla.ac.kr

3 Department of Electrical and Electronics Engineering, Korea Maritime and Ocean University, Busan 49112,
Korea; kilgs@kmou.ac.kr

* Correspondence: kilgs@kmou.ac.kr; Tel.: +82-51-410-4893

Received: 29 September 2020; Accepted: 19 October 2020; Published: 20 October 2020

Abstract: An arc fault is an electrical breakdown of the insulating medium in an electrical system. When
arc faults occur, they cause electrical fires with local sparks and temperatures of over 5000 °C. A series
arc is generated in series with a load due to an incomplete connection between cords or a loose
connection between a cord and terminal. However, it is hard to detect series arc faults with arc protection
devices because the fault current flowing by series arc in the circuit is not higher than the load current.
Especially in Korea, preventing electrical fires by series arc is rarely applied because there is no national
standard for arc fault circuit interrupters (AFCI) and arc fault detection devices (AFDD). Therefore,
many studies for reliable arc detection and analysis are still necessary to prevent electrical fires. In this
study, phase analyses of series arc signals for low-voltage electrical devices such as heaters, computers,
refrigerators, and air conditioners were conducted. The arc generator was fabricated according to UL
6199 and an optimal filter was designed to detect series arc signals without any attenuation. The phase
of detected series arc signals was analyzed according to load types and finally a new algorithm was
proposed based on the result of phase-resolved series arc (PRSA) analysis to identify types of loads.

Keywords: series arc; electrical fires; low-voltage electrical devices; phase analysis

1. Introduction

Electricity is an indispensable energy source in modern society and the use of electrical appliances
is increasing in residential and office spaces. However, the increase in electricity can cause electrical
accidents such as fires, explosions, and electrical shocks, and consequently leads to massive property
damage and human casualties.

According to data from the Korea National Fire Data System, a total of 40,103 fire accidents
occurred in 2019, resulting in 2515 human casualties and 854.4 billion won in property damage. The
causes of fire accidents showed that carelessness accounted for more than 50%, followed by electrical
factors at about 24%, mechanical factors at 10%, unknown factors at 9%, and other causes at 7%.
Moreover, carelessness and electrical accidents were also the greatest causes of human casualties.
Figure 1 shows the causes of electrical fires in 2019. It can be seen that more than 50% of electrical fires
were due to insulation deterioration, contact failure, compressed insulation, and loose connections,
which can lead to the series arcing [1,2].

To prevent electrical fires in Korea, earth leakage breakers (ELB), mold case circuit breakers
(MCCB), and fuses can be applied to electrical circuits for electrical shock protection by many electrical
utilities and customers. However, they do not detect and interrupt an arc due to low amplitude [3,4]. In
addition, itis hard to conduct a study on the characteristics of arc faults because they are highly variable
in terms of the strength and duration of the current and voltage.
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Figure 1. Causes of electrical fires in South Korea in 2019. (Data from Korea National Fire Data
System).

Arc faults are commonly caused by faulty connections due to insulation deterioration, contact
failure, or faulty initial installation of wires [5]. When an arc fault occurs, it causes electrical fires with
local sparks and high temperatures of 5000 to 15,000 °C as it reacts with materials such as wood and
plastic nearby [3,6]. In the United States, an arc fault circuit interrupter (AFCI) was specified by UL 1699
in 1999 to prevent electrical fires, and the government made the installation of arc breakers mandatory
in homes in 2002. As a result, the National Fire Protection Association (NFPA) announced a 65%
decrease in electrical fires overall in the United States. Moreover, IEC 62606 for an arc fault detection
device (AFDD) was established in Europe in 2003 [7-9]. However, in Korea, there is no national
standard for AFCI and AFDD, and they are rarely applied to prevent electrical fires [10]. Therefore,
many studies on arc detection are still needed.

This paper describes a phase analysis of series arc signals for low-voltage electrical devices such
as heaters, computers, refrigerators, and air conditioners to detect series arc signals and prevent
electrical fires. The arc generator was fabricated according to UL 6199 and an optimal filter was
designed using optimal detection frequency ranges. The arc signals were detected by a high-frequency
current transformer (HFCT) and the phase of the detected signal was analyzed according to types of
loads. Finally, a new algorithm was proposed based on the results of a phase-resolved series arc (PRSA)
analysis. PRSA analysis is to identify types of loads where an arc fault occurs. The phase of detected arc
signals is analyzed and the pulse number of arc signals at phase boundaries are counted. The types of
loads are identified depending on the ratio of arc signals.

2. Series Arc

An arc fault is an electrical breakdown of insulating medium that generates a luminous electrical
discharge between electrodes under high-voltage stress. When an arc discharge occurs, gas molecules
between two electrodes dissociate partially or completely and become ionized, and the current is
increased due to large numbers and great mobility of electrons. An arc is characterized by high current
density, high temperature, and visible light emission. For this reason, an arc fault is one of the main
causes of electric fires [3,11,12].

Arc faults generated in an electric circuit are divided into series arcs and parallel arcs according
to the path of faulty current [13-17]. A series arc occurs at an incomplete connection within the same
phase when a cord is loosely connected or there is a small gap between a cord and terminal. The arc
current flowing in the circuit is not higher than the load current because it is limited by the load
connected in series. Meanwhile, a parallel arc occurs between conductors within different phases
such as line to neutral or line to ground. When damaged wires with different voltages are close
together, the arc current flows into the circuit. The parallel arc is protected by protection devices such
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as an earth leakage breaker (ELB) and a fuse. Figure 2 shows a series arc with a load and evidence of
accidental fires caused by a series arc.
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Figure 2. Series arc. (a) A circuit; (b) evidence of accidental fires caused by series arc.

A series arc fault is generated in series with the load due to incomplete connections between
cords, and a loose connection between a cord and terminal [18,19]. The contact resistance increases
and arc current flows with high temperature due to potential differences for a few seconds [20,21].
When an arc discharge occurs repeatedly, the local connection surface is carbonized and oxides are
produced due to high temperatures. When the temperature exceeds 300 °C, thermal decomposition
appears in the insulated coating of a cord and eventually a series arc fault occurs, resulting in an
electric fire. Although it is not directly ignited by the series arc current when the insulating material
is melted, an electrical fire may occur due to a short circuit fault or ground fault. Figure 3 shows the
typical mechanism for fire generation by a series arc.
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Figure 3. Typical mechanism of fire generation by a series arc.
3. Experiment and Analysis

3.1. Experimental Setup

The experimental setup is shown in Figure 4. An arc generator was fabricated according to UL 6199
and consisted of a fixed electrode and moving electrode [7]. A graphite rod and copper rod of 6 mm were
used for the electrodes. The experimental circuit was designed so that the arc generator and a load were
connected in series with the 220 V AC mains. AC power source (GW INSTEX, APS-9102, New Taipei City,
Taiwan) was used to apply 220 V AC mains constantly. A resistive load, switching mode power supply
(SMPS), and motor were used for the loads to simulate the series arc occurring in low-voltage electrical
devices. The series arc current was detected using a HFCT (Pearson Electronics Inc., Palo Alto, CA, USA)
with a frequency range of 1 Hz to 20 MHz. The detected arc signals were collected by a data acquisition
unit (DAQ, National Instrument, USB-5133, Austin, TX, USA) with a bandwidth of 50 MHz and a
sampling rate of 100 MS/s. The collected data were analyzed by phase-resolved series arc (PRSA) analysis
in the Labview (National Instruments, Austin, TX, USA) program.
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Figure 4. Experimental setup. (a) Circuit; (b) photograph.

3.2. Design of a Series Arc Detection Filter

In the previous study, discrete wavelet transform (DWT) based on multiresolution analysis (MRA)
was performed for series arcs depending on the types of resistive load, motor, and SMPS, which are
mainly used for low-voltage electrical devices such as heaters, computers, refrigerators, and air
conditioners, and the optimal detection frequency ranges were selected from 2.4 to 39 kHz [15]. A
band-pass filter was designed based on the results in Figure 5a. The bandpass filter consists of a high-
pass filter and two low-pass filters as follows.

* A high-pass filter consists of a capacitor, an inductor and a resistance as C1-L1-R1.
*Two low-pass filters consist of resistances and capacitors as R2-C3 and R3-C4.

The frequency response characteristics of the designed filter are shown in Figure 5b. By applying
this filter, the 60 Hz power frequency component is attenuated by —38 dB and the arc current with a
high-frequency component of 2.4 to 39 kHz is detected without any attenuation.
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Figure 5. Arc detection filter. (a) Circuit diagram; (b) frequency response.

3.3. Phase-Resolved Series Arc (PRSA) Analysis for Low-Voltage Electrical Devices

The arc signals are affected by the phase of arc occurrence and types of loads, and the phase of
arc occurrence depends on the type of load. In this paper, a PRSA analysis method and virtual
instrument (VI) were designed to analyze characteristics of arc signals, as shown in Figure 6. The analysis
method collected arc signals generated for one cycle of 0 to 360° through the band-pass filter. The collected
arc signals were displayed on the front panel in real time and are accumulated to form PRPS patterns.
While the arc signals can be processed when they are intermittently inputted, it is hard to process them in
real time when hundreds of them are inputted for one cycle. Therefore, a producer—consumer structure
was applied to have multithreading function. When a number of arc signals are continuously measured,
the signals that are not processed in real time accumulate in the database. After that, the magnitude and
occurrence of saved arc signals are analyzed quickly and uniformly when an arc signal does not occur.
Each data point was stored in an array and the maximum values, in accordance with phases, were
stored more than threshold level. The threshold level was higher than the noise level. The noise level
was determined to be twice or more, considering the actual operating environment with various
harmonics. The phases were measured by a differential probe.
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Figure 6. PRSA analysis method. (a) Flowchart; (b) program; (c) data processing panel.

3.4. Result of PRSA Analysis

8 of 14

Phase patterns were analyzed according to types of loads using the band-pass filter and PRSA
analysis method proposed in this paper. The arc signals were generated from heaters, computers,
refrigerators, and air conditioners, and 2000 data points of arc signals were stored according to each
load. Figure 7 shows PRSA patterns according to types of loads.
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Figure 7. PRSA patterns depending on loads. (a) Electric heater; (b) PC; (c) refrigerator; (d) air conditioner.
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Figure 8 shows results of phase distribution of arc signals every 30° according to types of loads. The
phase of arc signals from the heater load was distributed from 0° to 120° and 150° to 270°. The arc
occurrence from 120° to 150° and from 270° to 360° was less than 3% of the total arc occurrence rate. On
the other hand, the rate of arc occurrence from 30° to 60° and 210° to 240° were each over 20-25%, resulting
in nearly half of the total arc occurrence rate. For the computer load, most of the arc signals were
distributed from 0 to 90° and 180° to 240°. The highest rate of arc occurrence was over 25% from 30° to 60°
and from 210° to 240°, while the arc signals from 90 to 180° and from 240° to 360° were less than 3% of the
total arc occurrence rate. It showed similar characteristics of phase distribution to the heater. For the
refrigerator load, most of the arc signals were distributed from 30° to 120° and 210° to 300°. More than 25%
of total arc occurrence was from 60° to 90° and 270° to 300°. Meanwhile, the least arc occurrence was
from 0° to 30°, 120° to 210°, and 300° to 360°, less than 3% of the total arc occurrence rate.

/,_——__\\
Phase / \
Load T
0°— | 30°- | 60°- | 90°— |120°—[150°—|180°—|210°—|240°—|270°— |300°—|330°—
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Electric
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Refrigerator -
Air
conditioner
0-3% 3-6% 6-10% 10-15% 15-20% 20-25% | 25% or more

Figure 8. Phase analysis of arc signal.

PRSA patterns differ depending on load types due to their different operating characteristics.
For example, a heater as a resistive load can operate under full-load condition but other loads such
as a computer, a refrigerator and an air conditioner may be not under full-load condition depending
on the operating condition. In other words, the shape of the PRSA pattern depends on the operating
characteristics of the loads. From the results, a phase analysis of series arc signals was performed
according to types of loads as shown in Table 1.

Table 1. Results of phase analysis.

Phase 0°- 30°-  60°- 90°- 120°- 150°- 180°-— 210°- 240°- 270°- 300°- 330°-

Load 30° 60°  90°  120° 150° 180° 210° 240° 270° 300° 330°  360°
Electric 85 249 104 99 0 4 78 237 7 1.3 0 24
heater (%)
PC (%) 47 338 74 0 0 13 63 441 14 0 0 0.9
Refrigerat
€ “(ff/e)m T 58 306 196 03 0 0 41 9 306 0 0
Air

conditioner 1.1 86 134 126 103 53 11 137 94 9 104 5
(%)
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4. Algorithm for Load Identification

4.1. Development of the Algorithm

The new algorithm was designed to identify types of loads caused by an arc, based on the
characteristics of phase distribution difference, depending on types of loads. The arc signal measured in
real time is counted by phases and the ratio of arc signals by phases is estimated. Figure 9 shows the
flowchart of a phase-resolved series arc algorithm for load classification. Table 1 shows the identification
criteria based on the algorithm. The criteria for identification are designed by comparing the phases
in which the arc mostly occurs, and the algorithm identifies types of loads when the number of arc
signals is over 100, to improve the accuracy.

Start
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current

Band-pass filter

Phase analysis and
recording

No
Count of arc signal (N) > 100

Yes

Arc signal ratio (A) A Count of Arc signal pelr degree X 100 (%)
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Yes

Electric
heater

Refrigerator

Figure 9. Flowchart of PRSA algorithm.

4.2. Case Studies

To verify the algorithm proposed in this paper, two case studies were performed to identify
types of loads when an arc occurred in the distribution line connected with a load. Figure 10 shows
the results of the PRSA algorithm for a heater and a refrigerator. For a heater, as shown in Figure 10a,
the rate of arc occurrence was more than 6% from 0° to 30°, 180° to 210°, 90° to 120°, and 240° to 270°,
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and more than 40% from 30° to 60° and 210° to 240°. Based on the results of the PRSA analysis, the
algorithm determined that the arc occurred in the heater. Figure 10b shows that the refrigerator was
identified by the algorithm because the rate of arc occurrence was 0% from 120° to 180° and 300° to 360°

and more than 76% from 60° to 120° and 270° to 360°.
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Figure 10. Application of the PRSA algorithm. (a) Electric heater; (b) refrigerator.
5. Conclusions

In this paper, a phase analysis was performed using the PRSA analysis method to detect series arc
signals and identify types of loads when series arc faults occur. The series arc faults were simulated for
low-voltage electrical devices such as a heater, computer, refrigerator, and air conditioner. The arc
generator was fabricated according to UL 6199 and an optimal filter was designed using optimal detection
frequency ranges, which were selected from 2.4 to 39 kHz based on a previous study. The arc signals were
detected by a high-frequency current transformer (HFCT) and the phase of the detected signal was
analyzed using the PRSA analysis method, which was designed by the Labview program. A new PRSA
algorithm was proposed based on the results of the phase analysis. To verify the accuracy of the algorithm,
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two case studies for a heater and refrigerator were performed to identify types of loads. For a heater, the
rate of arc occurrence was more than 6% from 0° to 30°, 180° to 210°, 90° to 120°, and 240° to 270°, and was
more than 40% from 30° to 60° and 210° to 240°. For a refrigerator, the rate of arc occurrence was 0%
from 120° to 180° and 300° to 360° and was more than 76% from 60° to 120° and 270° to 360°. Based on
the PRSA analysis results, the new algorithm proposed in this paper identified the electric heater and
refrigerator accurately. In the future, experiments with more and various loads should be conducted to
improve the reliability because the data collected in this study were limited.
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