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ABSTRACT

The thesis aims to analyze arc faults in the time, frequency, and mixed time-frequency
domains in order to identify methods suitable for the detection arc faults in both AC and
DC systems. Current standards in the field of arc fault detection are briefly introduced.
Standardized tests according to the IEC 62606:2013 and UL 1699B have been performed
to acquire arc fault signal data. Due to the insufficiency of the present standardized
testing methods, a novel arc ignition technique based on springed wire is introduced.
The obtained data have been analyzed in the time, frequency, and mixed time-frequency
domains using the FFT, SFTF, and Wavelet transform. Based on the performed survey of
published detection methods and considering the findings, observations, and experience
generated during the performed signal analyzes, a detection method applicable in both
the AC and DC systems and exploiting the Wavelet transform is proposed.

KEYWORDS
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ABSTRAKT

Diplomova prace je zaméfena na problematiku analyzy signall za Gcelem detekce poru-
chového oblouku, pfi¢emzZ analyza signal( je provadéna v Casové, frekvenéni a smiSené
Casové-frekvencni oblasti. Prace strucné shrnuje existujici normy pro zatizeni pro de-
tekci poruchového oblouku. Prace dokumentuje testy a méreni, které byly realizovany
v souladu s normami IEC 62606:2013 a UL 1699B. Z divodu nedostatecnosti stava-
jicich norem je v praci popsana nova metoda iniciace poruchového oblouku. Namérena
data byla analyzovana s vyuzitim rychlé Fourierovy transformace, kratkodobé Fourierovy
transformace a vinkové transformace. Na zakladé provedeného literarniho prizkumu a
s vyuzitim vysledk( provedenych analyz signalu je v praci proveden navrh nové detekcni
metody pro Gcely detekce poruchového oblouku v systémech napdjenych stfidavym i
stejnosmérnym napétim.
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1 INTRODUCTION

Electricity can cause damage to property, and its effect can also result in injuries
and deaths. To minimize the risks associated with the production, distribution, and
use of electric energy, various precautions based on hazard analysis are used. The

major electricity related hazards as stated in [17] are:

o Electric shock from contact with live parts;

o Contact burns;

e Injury from exposure to arcing;

o Fire from faulty equipment and installations;

» Explosions caused by an unsuitable electrical apparatus;

o FExplosions caused by ignition of lammable vapors or dusts.

In electric installations, various protection devices and technologies are used to
reduce the hazards listed above. The most common protective instruments are cir-
cuit breakers, which minimize the hazards related to short circuits and overload, and
residual current devices (also known as ground fault circuit interrupters) to detect
dangerous leakage currents. Medium sensitivity residual current devices (RCDs)
are used to detect the leakage current, an effect capable of causing fires, while high
sensitivity RCDs are designed to prevent both fires, injuries, or loss of life. The IEC

has proposed preferred values of rated residual currents for the RCDs [I]:

Sensitivity Preferred values Protection

High 6 mA / 10 mA / 30 mA Life & injury protection
Medium 100 mA / 300 mA / 500 mA / 1000 mA | Fire protection

Low 3A/10A/30A Machine protection

Tab. 1.1: RCD sensitivity levels according to the IEC

1.1 Motivation for Arc Fault Detection

While RCDs with tripping current not exceeding 300 mA are required for fire pre-
vention (e.g., IEC 60364-4-482), currents as low as 50 -— 100 mA have been found
capable of inducing ignition and fire as a result of surface tracking on the insula-
tion [6].

Sufficiently sensitive RCDs are efficient in fire risk reduction by detecting leak-
age currents and arcing to ground as a consequence of tracking currents within an
electrical installation. However, neither the RCDs nor the circuit-breakers are able

to cope with the risk of electrical fire due to series or parallel arcing between live
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conductors. The IEC is well aware of this fact, as is obvious from the following

citation [6]:

"Experience and information available confirmed that the r.m.s. current
value of an earth fault current caused by an arcing fault, which is able to
ignite a fire, is not limited to the rated power supply frequency of 50/60
Hz, but may contain a much higher frequency spectrum that is not taken
into account for the testing of RCDs."

Based on the above-described limitations of existing protection devices, there is
a market niche for protection devices that would facilitate the reduction of hazards

related to:

e Serial and parallel arcing,
o Cases of arcing between live conductors and ground that are beyond the de-

tection abilities of fire protection and device protection RCDs.

To be able to quantify the significance of risks associated with the above-outlined
hazards, risk analysis based on the statistical evaluation of the consequences of arcing

is needed.

1.2 Consequences of Arcing in Electrical Installa-

tions

Electrical arcing is a powerful physical phenomenon which can lead to significant
damages and consequent losses. An electric arc consists of ionized gas (plasma), and
therefore its temperature is between 6 000 K and 20000 K [34]. Depending on the
location of arcing and its surroundings, there are three types of potential undesirable

outcomes of arcing;:

1. Destruction of all insulators in close proximity to the electric arc;
2. Destruction of the electrical contacts or conductors that take part in arcing;
3. Destruction of the device where arcing occurs or destruction of the relevant

part of electric wiring.

All these types of failures can induce very fast ignition of the surrounding com-
bustibles. The rate of the occurrence of fires caused by electric arcs can be estimated

based on published fire statistics, where fire causes are provided.
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1.3 Statistical Data

1.3.1 AC Grid

“In 2006 the United States Fire Administration (USFA), a part of the
Department of Homeland Security, reported that 67,800 residential fires
were related to electrical problems resulting in 485 deaths, over 2,300
injuries and 3868 million in property losses. The USFA also states
that home electrical wiring causes twice as many fires as electrical appli-
ances.” [31]

In Figure [I.T we can observe that the average loss per structure fire in the US is
increasing; this means even if the overall number of fires is decreasing, possibly due
to the compulsory installation of RCBs in new or renovated housings, the average
damage per fire is rising. Thus, the importance of the ability to detect hazardous

events before they can lead to disastrous consequences is also on the increase.

30,000

25,000

20,000
$20,345

15,000 -

=4 Unadjusted

Adjusted for Inflation
10,000

$5,329

1977 4979 1981 4983 1985 4987 4989 1991 1993 4995 4997 41999 2001 2003 2005 2007 2009 2011

Year
Source: NFPA Survey of Fire Departments (1977-2012)

Fig. 1.1: The average loss per structure fire in the United States (1977-2012) [19].

In Europe, it is estimated that 60 % of apartment blocks are older than 30
years, and this number grows by 1 % annually. Only 0.32 % of apartment blocks
are renovated every year. Consequently, the electrical installations are becoming
increasingly older, and the risk of a fire is progressively higher [38].

In the South Bohemian region (population of 600,000), nineteen fires were ignited
by electrical arcing between 2009 and 2013. These fires constitute approximately 4

% of all related accidents where electricity was reported as a cause. As shown in
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Fig[1.2] the number of fires ignited by electrical arcing is rapidly increasing. While
in the year 2009 these fires made up 0.09 % of all fires, in the year 2013 they already
amounted to 0.74 % of all fires [7].

Number of arc-caused fires in South Bohemia region

8

7

6

5

4

3

2

- B
, 1l

2009 2010 2011 2012 2013

Number of fires

Year

Fig. 1.2: The number of fires ignited by electrical arcing in South Bohemia between
2009 and 2013; adopted from [7].

1.3.2 DC Grid

In recent years, probably due to the advances in power electronics that enable highly
efficient AC/DC and DC/DC energy conversion and thanks to photovoltaic systems,
the popularity of DC systems has been rising. This is documented by the following

texts:

“Especially since 2006, reports have claimed that fire accidents in res-
idential, commercial, and wutility PV installations happened more fre-
quently than before. Subsequent investigation proved that most of the

electrical fire arose from DC arcs.” [14]

“Specially due to the large number of worldwide photovoltaic installations
and the increasing use of battery systems within the last years several
investigations have been carried out about the reasons of reported fire in-

cidents and initiated research programs and standard specifications.” [35]

1.4 Arc fault detection devices

Arc faults have been recognized as a cause of fires since the beginning of the 20th cen-
tury; patent applications related to arc fault protection date back to the 1930s. Arc
Fault Circuit Interrupters (AFCI) began to appear on the U.S. market in 1997 [33].
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Although AFCI devices are well established in the North American market and
the products are well-developed, nuisance tripping becomes rather complicated with
new kinds of loads. Moreover, new types of applications and novel application do-
mains (e.g., electric vehicles and photovoltaic power plants) substantiate the devel-

opment of novel arc detection solutions.
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2 RESIDENTIAL AC LOADS AND RELATED
AFDD STANDARDS

2.1 New Kinds of Loads

Older Arc Fault Detection Devices (AFDDs) are known to use one frequency band to
distinguish arcing and non-arcing events. With new loads introducing high frequency
noise in to the residential circuits the old simple detection approach is not robust
enough and nuisance tripping starts to occur. The most influential new kinds of

loads are:

Switching Power Supplies: While all switching power supplies are a source of
high frequency noise, it has been observed that there are significant differences
of amounts of generated noise between various power supplies. The biggest
problem are small, low cost supplies.

AC Drives: AC drives (Frequency converters) use switching power electronic de-
vices in order to change frequency and magnitude of the grid voltage to a

variable load voltage, where the load is an AC motor.

Signal characteristics of real loads (old and new) are used in standardized testing of
new AFDDs. Next part addresses standards from US, EU and Czech Republic.

2.2 Standards for Residential AFDD

According to the IEC 62606 the Arc Fault Detection Device (AFDD) is a device,
which is intended to mitigate the effects of arcing faults by disconnecting the cir-
cuit when an arc fault is detected. The Arc Fault Detection Devices are in the US
standards and consequently in the use markets called Arc Fault Circuit Interrupters
(AFCIs). However, the definition of the device function is the same regardless the
different designations AFDD or AFCI. The AFDD devices for residential applica-
tions have been first standardized in the US where AFDD is mandatory for all new
residential electrical installations. US standard was published as UL1699 in 2006
with a revision in 2013. In the year 2013 the international standard IEC 62606:2013
has been published and national European versions like CSN EN 62606 has followed
in 2014. These two versions are almost similar. Significant differences between them

will be addressed later in this chapter.
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2.2.1 1IEC 62606:2013

In following text there are described parts of IEC 62606:2013 standard that are
important for the topic of this thesis. The relevant parts are requirements for AFDD
operation in case of a series arcing and parallel arcing and prescribed testing. Also

masking test for verification of correct operation is included in the description.

a) Series arc fault tests
For series arc fault tests there are two possible ways to generate an arc. First a cable
specimen with parallel conductors with insulation slit and carbonized path created
in between conductors). Second possibility is arc generator with one copper rod and
one carbon-graphite rod serving as electrodes. One electrode is stationary and one
is moving.

For an AFDD to pass the tests described in the IEC standard, it shall trip before
maximum break time stated in Table 2.1 (U, = 230 V') or Table 2.2 (U,, = 120 V)
for each current level if the cable specimen is used for arc generation. If an arc

generator is used tripping time shall not exceed 2.5 times the maximum break time.

Test arc current 25A | 5A | 10A | 16 A | 32 A | 63 A
Maximum break time 1s 0.5s1025s|10.15s|0.12s | 0.12 s
Tab. 2.1: Limit values of break time for U,, = 230 V'

Test arc current 5A10A | 16 A | 32A | 63 A
Maximum break time | 1s | 04s | 0.28s | 0.14s | 0.14 s
Tab. 2.2: Limit values of break time for U,, = 120 V'

For series arc fault there are four tests prescribed. Three tests are for sudden
appearance of arcing, for inserting a load with a series arc fault and for case of closing

on series arc fault. Fourth test is done to verify correct operation at temperature
limits (-5 °C and 40 °C).

b) Parallel arc fault tests
For parallel arc fault there are three prescribed tests. The AFDD shall trip if
the number of arcing half-cycles stated in Table (for both U, = 230 V and
U, = 120 V) occurs within 0.5 s. The stated current is the circuit current before
the arcing starts.

First test is with parallel arc with limited current. Cable specimen for this test

is prepared in a same way as for series arc fault tests and the test is performed at
fault current levels of 75 A and 100 A.
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Test arc current 75 A | 100 A | 150 A | 200 A | 300 A | 500 A
Number of half-cycles | 12 10 8 8 8 8
Tab. 2.3: Maximum allowed number of arcing half-cycles within 0.5 s

Second test is parallel arcing cutting test. Test setup is the same as in case of
limited current test but this time the cable specimen insulation is cut during the test
with device displayed in Figure [2.1] It consists of steel blade used for cutting of the
cable specimen. The cutting edge can be positioned anywhere along the specimen

and a new cable specimen for each test is necessary.

Fig. 2.1: Cutting device for Parallel arcing test

The last test is verification of correct operation in case of earth arc fault. This
test is to be performed at current levels of 5 A and 75 A. For 5 A current level the
tested device shall trip in accordance with Tables[2.I]and 2.2 For 75 A current level
the tested device shall trip in accordance with The test setup is the same as in

the case of limited current test.

c) Masking tests

For these tests it is possible to use arc generator or carbonized cable specimen to
generate arc fault. For AFDD to pass the tests it shall trip before maximum break
time stated in Table (U, = 230 V) or table (U, = 120 V) for each current
level if the cable specimen is used for arc generation. If Arc generator is used tripping

time shall not exceed 2.5 times the maximum break time. There are three different
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series of tests for masking tests. First is series of tests with inhibition loads. The

following inhibition loads are defined in the standard:

i. A vacuum cleaner rated for 5 A and 7 A if U, =230 V or 10 A and 14 A if
U, = 120 V, it shall be started and run.

ii. An electronic switching mode power supply with rated current at least 2.5 A
if U, =230V or 5 A if U, =120 V, it shall be turned on.

iii. A capacitor start motor with peak inrush current of 65 A +10 % if U, =230 V'
(2.2 kW capacitor motor is to be used) or 130 A £10 % if U,, = 120 V, it shall
be started under load and run.

iv. An electronic lamp dimmer (thyristor type) with a filtering coil controlling
tungsten load. For U, = 120 V' the dimmer is 1000 W and the load is 1000 W
consisting of four 150 W bulbs and four 100 W bulbs. For U, = 230 V the
dimmer is 600 W and the load is 600 W. The dimmer is to be turned on with
the dimmer preset at full on, conduction angles of 60°, 90°, 120°, and at the
minimum setting that causes the lamps to ignite.

v. Fluorescent lamps 2x40 W and an additional 5 A resistive load.

vi. A 12V halogen lamps powered with electronic transformer (total power 300 W)
and an additional 5 A resistive load.

vii. A 600 W electric hand tool (drill).

Second series of tests are a masking tests with two different EMI filter loads. The
last test is a test with line impedance. A branch circuit connected behind the AFDD
consists of 30 m of 2.5 mm? armored cable (two conductors with steel armor). The

maximum break times for AFDD to trip are the same as with the previous tests.

d) Unwanted Tripping Tests

This tests are done to ensure AFDD does not trip during normal operation. Two
tests are performed. First one is Cross talk test and the second one is test with
various disturbing loads. The later one is the same as masking test with inhibition
loads only without the arc generator or cable specimen. The different loads are the
same but are energized during at least 5 s. Also Start/Stop operations for each load
(5) are to be done.

2.2.2 CSN EN 62606

The difference in between IEC 62606:2013 and CSN EN 62606 [2] is that the CSN
is written only for U, = 230 V. Apart from that the standards are same.
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2.2.3 UL 1699

The UL 1699 [36] differs in many ways therefor its testing procedures are stated in

following text. It is necessary to remind the reader of frequency difference. In the

USA the grid frequency is 60 Hz and therefore all following described tests are rated

at this frequency. There are four test sequences relevant to the topic of this thesis.

These are carbonated path tests, point contact arc tests, unwanted tripping tests

and operation inhibition tests.

Carbonated path tests

i

ii.

1ii.

Arc ignition tests

For this tests the cable specimen is prepared in two ways. The nonmetallic
sheathed cable’s insulation is to be cut around line (first test) or grounded
circuit conductor (second test). The cut is to be wrapped in insulating tape.
Around the tape is to be loosely wrapped in surgical cotton. The load (purely
resistive) resistance is to be adjusted to 5 A. The test runs until the AFDD
trips or the cotton is ignited or neither happen for 5 minutes. The test is
successful if the AFDD trips before the cotton ignites.

Arc interruption test

For this test the cable specimen’s insulation is to be cut around all three
conductors. The AFDD shall clear an arc fault if 8 half-cycles of arcing occurs
within a period of 0.5 s. The test is to be done at 75 A and 100 A current
levels.

Arc clearing test

The cables specimen’s insulation is to be cut around two conductors and taped
with insulation tape. Then it is to be conditioned so the carbonized conductive

path in between conductors is created. The current levels and required clearing
times are in Table [2.4]

Test current AFCI: 15A | AFCI: 20 A | AFCI: 30 A
5A 1s 1s 1s

10 A 0.40 s 0.40 s 0.40 s

100% rated current 0.28 s 0.20 s 0.14 s
150% rated current 0.16 s 0.11s 0.10 s

Tab. 2.4: Arc Test Clearing Times

b) Point contact arc tests

These testing procedure is the same as cutting test in IEC 62606. The current levels
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are 75 A, 100 A, 150 A, 200 A, 300 A, and 500 A. The AFDD shall clear an arc

fault if 8 half-cycles of arcing occurs within a period of 0.5 s.

c) Unwanted tripping tests
There are six different test series in this part. Each test series has different type of
loads. In all of these tests AFDD shall not trip. In the following text is described

whole test series and basic information about the loads to be used is also provided.

i. Inrush current test
There are two different loads in this tests. The first one is a 1000 W tungsten
load consisting of prescribed bulbs. A control switch shall close the circuit at
30, 60 and 90 degrees or 60 times with random closing. The second load is
a capacitor start (air compressor type) motor with a peak inrush current of
130 A+10 %. The motor is to be started under load (without any air pressure
in the air tank).

ii. Normal operation arcing test

This tests are done with seven different kinds of loads:

a) A vacuum cleaner rated at 10.8 — 12 A full load.

b) A bi-metallic appliance (skillet, flat iron etc.) rated 1200 W +10 %.

¢) A 1000 W tungsten load consisting of prescribed light bulbs.

d) A load c) with a general-use snap switch.

e) An electronic variable-speed electric hand-held shop tool rated 5 — 7 A.

f) A ceiling fan speed control (capacitive type with rotary switch) rated
1.5 A controlling a ceiling fan.

g) An air purifier (employing electrostatic forces to move air and containing
UV lamp).

iii. Non-sinusoidal waveform test

Four loads for this tests are:

a) A 1000 W electronic lamp dimmer (thyristor type) with a filtering coil
controlling a 1000 W tungsten load consisting of prescribe bulbs. A 600 W
dimmer without a filtering coil controlling a 600 W tungsten load con-
sisting of prescribed bulbs.

b) An electronic variable-speed electric hand-held shop tool rated 5 — 7 A.

¢) An electronic switching mode power supply (one or more) having a total
load current at 120 V of at least 5 A with minimum THD of 100 % and
prescribed other minimum current harmonics.

d) Two 40 W fluorescent lamps plus an additional resistive load.

iv. Cross talk test

There are two tests with two branch circuits. One with AFDD and one with-
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out. Test utilize different kinds of conductors.
v. Multiple load
The load from non-sinusoidal waveform tests b) and d) is to be used at current
equal to the AFDD rating (additional load is of resistive kind).
vi. Lamp burnout
The device to force the incandescent (100 W) lamp to burn out is described

in the standard.

d) Operation inhibition tests
In this testing sequence it is prescribed to test branch/feeder or combination AFDD
with carbonized path cable specimen. For the outlet circuit, portable or cord AFDD
the arc generator is prescribed. The cable specimen is to have insulation cut around
the line (same as in arc ignition test). The arc generator device is the same as in
IEC 62606 tests with arc generator. For this sequence there are three test series
each with different kinds of loads. The test currents and required clearing times are
same as for the Carbonated path tests and were provided in Table on page [20]

The first set of tests in this group are the masking tests. The loads for this tests
are a vacuum cleaner, an electronic switching mode power supply, a capacitor start
motor (air compressor type), a 1000 W and a 600 W electronic lamp dimmers, and
two 40 W fluorescent lamps plus additional 5 A resistive load.

The second set of tests are the tests with EMI filters. These are the same as the
tests described in the IEC 62606 standard.

Third set are the tests with the line impedance. These tests are to be done with

an armored cable and with a steel pipe.
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3 HIGH POWER DC APPLICATION FIELDS

3.1 DC Application Fields

There are several new application fields for industrial DC AFDD technology. These
are discussed below.

As mentioned in the fire safety part of this thesis, there is demand for electric
arc detection in extensive photovoltaic plants, where the current levels are between
100 A and 400 A and voltage levels are between 1000 V — 1500 V. PV power plants
are now mandatorily protected on string level only and this protection is based on
standard UL 1699B.

After all strings are combined together, the amount of transferred power can be
very high and every arcing event has disastrous consequences. The schematic of
PV plant is displayed in Figure [3.I] The part protected by devices specified in UL
1699B is highlighted by green circle and the part where the new AFDD technology
is intended for protection is in red circle. The part protected by the intended novel
protection device is shown in green circle. At this time there are few existing devices
for arc protection of the high power part of PV plant but these need to be tuned to
the specific installation and universally applicable devices are not available at the

market.

Combiner Re-combiner

100 A

Fig. 3.1: Schematics of DC Power Plant with Highlighted Areas of Interest

Other possible application field for high power DC arc detecting devices is found
in mining industry and other industries, where battery powered electric trucks are
used. Next application area are shared DC links for VFD drives for oil and gas
industry. And the last one potential application field is DC power distribution in

large scale datacenters.
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3.2 UL 1699B Standard

In the following paragraphs there are described tests, important for the topic of this
thesis, in the UL 1699B standard [37]. These tests are for series and parallel arcing
detection, unwanted tripping test and series arc test with high line impedance.

For all prescribed tests the same arc generator, displayed in Figure [3.2] is to be

used.

Stationary
Electrode

Moving
Electrode

:l Lateral

Insulating / Adjustment
Bad— -
Clamps Sliding
Block — ™

L

Fixed Base

Fig. 3.2: Arc Generator as depicted in the UL 1699B Standard

The electrodes are to be made from copper 6.35 mm in diameter. The tube is to
be made from polycarbonate. The dimensions are 19 mm in length, 9.5 mm outer

diameter and 6.35 mm inner diameter.

Fig. 3.3: Steel Wool inside Polycarbonate Tube [4]

The arc is ignited by small amount of very fine steel wool positioned in between
the electrodes as displayed in Figure A brief description of each of the tests

follows.

a) Series Arcing Detection test
The arc generator and tested device are to be connected in series to a source of
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PV power. The PV modules are to be connected in a series or series-parallel. A
ballasting resistor may be used to achieve the desired voltage but no inverter or
charge controller is to be used. The test specifications are stated in Table [3.1]

Arcing current | Arcing voltage (approx.) | Arc Power (avg.) | Maximum time
7TA 43V 300 W 2.0s
7TA 1V 500 W 1.5s
14 A 46 'V 650 W 1.2s
14 A 64 V 900 W 0.8s

Tab. 3.1: Tests conditions and Clearing Times according to the UL 1699B standard

b) Parallel Path Arcing Detection test
For this test the arc generator is to be connected in parallel with a load (an inverter,
a converter or a charge controller). The test specifications are the same as in the

previous case.

c¢) Unwanted tripping test

There are two different loading conditions for this test and during the device shall
not trip under both of them. The power supplied is at rated voltage and current of
the device.

i. Loading Condition I is made of one of the following devices: a single-phase
inverter, a three-phase inverter, a converter or a charge controller.

ii. Loading Condition II is DC switching test with an inverter as the load.

d) Operation Inhibition test
The same series of tests as for series arcing test shall be performed with prescribed
masking loads for the conditions of 300 W and 900 W. The loads are PV power

source and inverter wired in two different ways.

e) Line Impedance Test

The tests performed are the same as those for series arcing detection at the rates
of 300 W and 900 W. The only difference is the conductor. It is to be 60.96 m in
length with four 180 degree bends of 15.24 c¢m radius.
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4 STATE OF THE ART IN THE ARC-FAULT
DETECTION

The methods used in AC and DC arc—detecting algorithms are usually the same
for frequency and mixed time-frequency domains. Most of the research groups use
arc current signal as it is an easily obtainable signal, which carries most of the
information for the arc detection. This has been verified in the signal analysis part

of this thesis. The used detection approaches can be divided into four main groups:

1. Time domain signal processing;
2. Frequency domain signal processing;
3. Mixed time—frequency signal processing;

4. Arc detection based on arc models.

Often there is more than one approach combined for the detection algorithm in
order to improve detection reliability and reduce nuisance tripping.

Signal characteristics in the time domain are typically used for the DC arc fault
detection. The most often used characteristics for the arc detection are the current
change I,,4: — Inin, change within certain time period is considered; this method is
described in [42], [14], [9]. The length of the time window used in [I4] is 10 ms.

In [9] the authors use the above described simple signal processing for distinction
between arcing and normal operation of the loads under the assumption that the
duration of abrupt changes is shorter for the arcing that for the loads operations,
moreover such abrupt changes are more frequent during arcing than during normal
operation.

Another common way to detect the arcing in the time domain, according to
papers [I5] and [26], is to use the peak-to-peak value of the current; the arc detection
is then based on exceeding of a threshold value.

From the literature survey it stems, that the time domain signal processing is not
common for the AC arcing detection. However, in [31] a sudden change of current
value (together with a threshold value of the current signal) is used for the arc fault
detection.

Arc fault detection for AC applications based on the temporal analysis is pre-
sented in [23], the methods examined there are the Kalman filter, Crest factor and
"Moment mathematic algorithms".

In [27], [12] and [41] the arcing detection methods in various application fields
are presented. In [27] the arc detection in 42 V car electric system is based on
evaluation of the rate of change of the arc current during the arc fault, the rate of
change is then compared with a threshold value. In [I2] the detection of the AC arc

in an aircraft electrical system is based on a signal processing of the current signal;
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the current signal is filtered through a 1 kHz high pass filter. Because of the 270 V
power distribution system, which is under consideration for the new aircrafts, the
detection based on recognition of abrupt variations of the current (simple differential
circuit was utilized for this task) is presented [41]. In that paper an FFT is also
utilized to improve the detection performance.

The frequency-domain—based arc detection is usually based on Fast Fourier
Transform (FFT). In [I5] and [9] the increase of the current signal energy dur-
ing the arcing is used. The scaled measure for the calculation of the energy change

introduced in [15] is:

N = Sare = Snocare
Sare + Sno—are

where the S is an absolute sum of the FFT magnitudes at specific frequency
range below 10 kHz. In the paper [9] it is claimed that this approach is especially
useful for detection of the arc ignition as the energy value of the signal for the
established arcing is significantly lower.

In [14] the detection of the arc fault in the DC circuit is done by comparing the
energy of the current in 1 — 4 kHz frequency band with a DC current component and
AC current component of the signal. More demanding, in terms of the computational
power, is the method used in [32], where the authors propose detection based on
Discrete Fourier Transform with Hanning window used as a windowing function. In
this case the signal in the 20 — 120 kHz frequency band is used and for the DF'T the
whole band is divided is divided into five sub-bands (20 kHz each). Papers, where
authors propose detection based on wavelet transform, form a big part of recently
published research papers in the field of the arc fault detection. Both AC and DC
circuits are examined in those papers.

In [28] the authors compare Discrete Wavelet Transform (DWT) with Continuous
Wavelet Transform (CWT) and find the first one to be superior in terms of the arc
fault detection. The DW'T and wavelet packet decomposition are then proposed for
the signal processing. The DWT is also used in [20], [39], [25], [43], [9], [40] and
[24]. The main difference among the presented DWT methods for arcing detection
are the used mother wavelet functions and the applied windowing functions.

In [20], [39], [25], [43] and [40] functions from the Daubechies family are used.
The other families of functions that are being used are the Haar functions in [24]
and [10] and the Coiflet functions in [9]. In [I0] authors try not only to detect
arc faults, but also to localize it in the photovoltaic power system. They used
wavelet transform, which was found to be useful for detection of the presence of the
arc fault, and subsequently apply statistical methods (matched filter, zero crossing

method and recurrence plot analysis) for the fault localization.
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Additional wavelet transform techniques are presented in [42], [I1]. In [42]
the wavelet decomposition is used to obtain information about arcing. Multi-scale
dyadic wavelet transform and Mallat algorithm for decomposition and reconstruc-
tion of the signals obtained in the AC circuit was used in [11] with good results for
distinguishing between the arc fault and common loads.

The last group of methods for the arc fault detection are the methods based
on development of models of the arcing in the electrical circuit and evaluation of
difference between the outputs of the model with the signals of interest. In the
paper [5] authors propose second-order auto-regressive model derived by the Burg
method coupled with distance measurements for the detection. This method is
claimed to be suitable for both AC and DC arc detection. In [22] monitoring of
real-time correlation coefficients from one period to the other period is considered.
Finally in [35] quasi-stationary large-signal model and linearized small-signal model

were created and used for the arc fault detection.
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5 PERFORMED MEASUREMENTS

From the survey performed in the chapter [4] it stems that in order to analyze sig-
nal patterns of the arc faults, two fundamentally different approaches are possible.
Either a theoretical model of arc in an electric circuit can be developed and imple-
mented in a simulation environment, or a real arc fault signals can be measured and
analyzed.

Due to the high costs of the real measurements the modeling is a quite common
approach in the arc fault research and lot of work has been done in order to create
models of high quality. As good and precise the models are, the arc fault is known
to be a highly variable phenomenon with so many random influences, than even the
best models cannot comprehend all of its details.

Modeling of the arc fault was not used for this theses, however further reference
on the modeling topic can be found either in the chapter [4] or in [20] and [35].

Approach chosen in this thesis is solely experimental and measurements on ar-
tificially created arcs using standardized test setups were performed in order to
acquire arcing signal data. Broad range of tests for both AC and DC circuits were

performed. In this chapter the testing methodology will be described.

5.1 DC Testing

The tests for DC application field was based on UL 1699B standard, however addi-
tional tests, which differ from the standard, have been performed as well. Complete
series of UL 1699B tests has been done. The primary power source used were a PV
panels, which have been connected in accordance to the standard. Signals for both
current levels (7 A, 14 A) and all defined gaps have been measured. Because the
intended application field exhibits much higher currents, than those prescribed in
the UL 1699B, additional tests at current levels of 27 A, 50 A, and 72 A have also
been carried out. The test setup used is shown in Figure 5.1} Although the depicted
test setup was captured after the arcing test, the two copper electrodes and remains

of the plastic tube are clearly visible. The electrodes were positioned manually.

5.1.1 UL 1699B test procedure drawbacks

It was observed that the test procedure defined in the UL 1699B exhibits several

drawbacks:

o The steel wool ignites immediately after the relays close, therefore it is not
possible to distinguish between transients related to powering the circuit up

and transients related to ignition of the arc.
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Fig. 5.1: Test Setup with exploded polycarbonate tube

o With higher currents the polycarbonate tube described in UL 1699B starts to
explode, which can also be seen in Figure [5.1] The result of such explosion is
splashed plastic on the test setup, which is difficult to clean, and the explosions
brought up safety concerns.

o There is a significant difference between wiring of the test for lower and higher
currents: the wiring at higher power levels is done with metal bus bars and
screws, therefore it does not include any plastic insulation.

o The carbon particles from the polycarbonate tube make the resulting arcing
more violent with more transient events when compared to arcing events when

carbon particles are not present.

5.1.2 Beyond the UL 1699B: Springed wire test

In order to be able to observe the undisturbed arcing signal, it was necessary to find
a way to delay the ignition of the arc, i.e. to modify the testing procedure. All of the
above issues were solved by a novel approach to the arc ignition. The novel ignition
method has been named Springed wire test because it uses thin copper wire spring
as the arc generator. A thin copper wire is shaped to form a little spring. This
spring, unlike the steel wool, sustains itself in between the electrodes and the plastic
tube can be fully omitted. Use of copper material for the spring is not expected to
be crucial, thin copper wire has been used as it is an inexpensive well standardized

conductive material with good availability.
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The copper wire spring is able to pass the current for sufficient period of time,
before it burns out and the arc ignites. The delay between powering the circuit up
and ignition of the arc enables to distinguish between transients caused by closing
of the relays and transients related to the beginning of the arcing. It confirms that
the events of relays closing and arc ignition are clearly separated in the measured
signal. Therefore in addition to standard steel wool ignition tests, the tests, where

the springed wire is used as the arc initiator, were carried on.

Fig. 5.2: Springed wire — detail of the test setup

The Springed wire test setup is displayed in Figure [5.2] Because of the higher
currents, electrodes with larger diameter were used. The electrodes were positioned
to form a fixed gap by a step motor. Apart from that, the setup and the used
equipment were the same as in the case of UL 1699B tests, the gaps used for the
testing were also the same as defined in the UL 1699B standard. Current levels
measured were 50 A, 100 A and 200 A.

5.1.3 Power supplies used in the DC tests

The description of the DC test setup has to be complemented with a brief description
of the power supplies used during the tests. While the PV panels were a good source
of a noise-free DC power, due to the unpredictable performance of the roof-mounted
PV panels (the power output was weather—-dependent) and due to the fact that the

overall power output was limited by the number of panels available, the Sorensen
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DC power supply was used for the testing as well. Moreover, for the testing at 200
A (700 V DC) a custom-built DC power supply with 18-pulse rectifier was used.

5.2 AC Testing

The intended application field for the AC arcing detection is the AFDD as described
in the standards. The measurements were done according to the standards. The
data were collected for both the 50 Hz and the 60 Hz frequencies. For the 60 Hz the
US grid was used as a power source, for the 50 Hz measurements the EU grid was
used as a source.
The 60 Hz tests performed were the following:
1. Carbonated path tests,
2. Point contact arc test,
3. Unwanted tripping tests for:
o Inrush current,
o Normal operation,
» Non-sinusoidal waveform,
e Multiple loads and
e Incandescent lamp burnout.
All loads prescribed in the standard were used for Unwanted tripping tests.
The 50 Hz tests done were:
1. Masking tests with all kinds of prescribed loads and
2. Series Arc Fault Tests.

Series arc fault tests were done using the Carbonated path test and Point contact
test.
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6 SIGNAL ANALYSIS OF THE DATA

6.1 The time domain

The data acquired during the arcing experiments were obtained in the time domain.
The continuous analog quantities (currents and voltages) were then acquired using
digital equipment (i.e., sampled with a given sampling frequency); thus, the input
data for further analysis are discrete-time signals. Signal processing in the time
domain is the first step in our effort to analyze how an arcing event influences the
quantities of interest. In order to define methods for the detection of arcing events,
it is necessary to understand the signals prior to the arcing event, during the arc
ignition, and after the arc has been ignited. In this chapter, the signals will be shown
in related figures, where the horizontal axis (x-axis) represents the time and the
vertical axis (y-axis) stands for the signal magnitude. The graphical representation
of the acquired data helps us to observe the overall signal magnitude, significant
peaks, and typical patterns. In the last part of this chapter, the observations will
be summarized in an attempt to define a typical arcing signature.

During the tests, the following signals were acquired:

« line voltage;

e arc voltage;

o unfiltered arc current;

« high-pass filtered arc current (cutoff frequency 10 kHz).

All of these signals were captured at the sampling rate of 5 MSPS (Million
Samples Per Second), and therefore our captured signal data contain frequencies of
up to 2.5 MHz.

As the 60 Hz and 50 Hz signals have the same characteristics, only the 60 Hz

and DC data are to be introduced in this section.

6.1.1 Carbonized path test results: 60 Hz AC

The first presented signal data were acquired during a 60 Hz carbonized path test.
The power source was an AC electrical grid with the frequency of 60 Hz; the arcing
started at the time t = 0.2 s.

As the circuit is fed from the grid, Fig. does not show any changes in the
supply voltage signal due to the low impedance of the voltage source. Although some
high- frequency noise may be present in the line voltage signal as the arc voltage
bumps periodically, as shown in Fig. [6.2lno changes to the line voltage are visible in

the time domain.
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Fig. 6.2: The arc voltage

Before the arcing started, the arc voltage had been only a small, sine-wave
shaped voltage signal caused by an alternating current flowing through the constant
impedance of the test conductor. Once the arcing began, distinctive deviations from
the smooth sine wave shape of the line voltage came to be present. The center part
of each voltage half-period is flat; this flat part corresponds to the time period when
the arc current has a non-zero value as the arc is established. The reason for the
deviation from the sinusoidal shape of the signal is simple: When the voltage rises
beyond a certain level, the arc ignites, the load is connected to the circuit, and the
currents starts to flow. After the arc has ignited, the voltage across the arc drops,
and the flat part of the signal indicates that the voltage drop across the arc remains
almost constant as long as the arc remains ignited. At both the beginning and the
end of the flat parts of the arc voltage signal, we can observe short transient events.
Due to the possibly low impedance of the power source and the resulting low arcing
signature in the line voltage signals, it is advisable to focus on signals related to the

current flowing through the circuit (and through the arc).
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In Fig. [6.3] the current of 22.5 A through the resistive load was measured as the

signal of interest.
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Fig. 6.3: The arc current

The acquired current signal is a regular smooth sine curve until the arcing starts
at 0.2 s. Once the arc has ignited, we can observe the most significant feature of the
AC arc current: the arc extinguishes itself when the voltage drops below a certain
level, and if it rises again above the air-gap breakdown voltage, the arc re-ignites.
The result of this effect in the time domain consists in short, nearly flat parts at the

beginnings and endings of each half-cycle of the current signal.
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Fig. 6.4: The arc current — a detail.

If we look at the details of the current signal in Fig. we can also observe
a transient period at the beginning of the observed arcing event. We can see that,
especially during the first few half-cycles after the arcing event started, the signal
shape is highly irregular and the irregularities and short transients are quite random.
Later we will see that randomness is the main feature of the arcing signal.

The last signal to be shown here is another current signal. This time, however,
the signal data were filtered through a 10 kHz high-pass filter in order to eliminate
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the low frequency components of the signal. Thus, in the signal data, only the

frequency range between 10 kHz and 2.5 MHz remained.
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Fig. 6.5: The high-pass filtered arc current.

The filtered current shown in Fig. [6.5) 5 is very different from the other signals,
namely those we showed before. After filtering out the low frequency part, where the
60 Hz component dominated, the primary sine wave disappears. Instead, we observe
multiple random bursts in the current signal, and these bursts are caused by the
transient events observed at the unfiltered current signal. Such random-looking high
frequency bursts are related to the flat parts, short transients, and random spikes
observed in the unfiltered current signal data. More details on the randomness and
irregularities are provided in Fig. below, which indicates the beginning of the

arcing event shown above.

2
_3 1 1 1 1 1 1 1 1 1
0.3 031 032 033 034 035 036 037 038 0.39 0.4

time [s]

Fig. 6.6: The high-pass filtered arc current — a detail.
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6.1.2 Opposing electrodes test: 60 Hz AC

The second set of data is also for 60 Hz arcing, but this time the arc was generated
with the opposing electrodes test. The arcing starts at the time ¢ = 0.2 s; in this
testing procedure, the electrodes were slowly drawn apart. The line voltage is again
a smooth sine wave as shown in Fig. and therefore we will not display it here.
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Fig. 6.7: The arc voltage.

The arc voltage shown in Fig. resembles that of the previous event, but as
the electrodes are slowly drawn apart, the length of the arc rises and so does the
voltage across the arc until the arc is extinguished, the currents stops flowing, and
the arc voltage becomes the smooth sine curve of the full line voltage. This test is

applicable for describing and analyzing the arc behavior with various gap lengths.
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Fig. 6.8: The arc current.

The unfiltered current does not change much when the length of the gap is small.
As the electrodes are drawn further away, we can observe increasing distortion of

the current signal, and even one half-cycle of the zero current before the arc is fully
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extinguished. Figure indicates that the flat parts are very short and that many

small random spikes are present in the primary sine wave.
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Fig. 6.9: The arc current — a detail.

In order to document the high frequency components that deform the primary
sine wave shape, the 10 kHz high-pass filtered current signal data are shown in
Fig. [6.10]

Fig. 6.10: The high-pass filtered arc current.

As long as the gap between the electrodes is small, we observe very little activity
in the filtered data. Even when the gap rises and more spikes occur, the high
frequency component remains relatively still and steady, which is in contrast with
the results observed in the previous test. In this test, when some spikes are seen,

they have highly variable peak values and occur randomly.

6.1.3 Point contact test results: 60 Hz AC

The third test is the point contact test as the point contact embodies the third
way to ignite the arc according the standard UL 1699; this is a test that imitates
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arcing as a result of an abrupt cutting of the cord. The fault current level of 300 A
was used, and the cutting event occurred at the time ¢ = 0.2 s. This test usually
does not produce long-lasting arcing, because the blade initially establishes a solid
contact with one wire, and then, while the cutting movement continues, the blade
makes a point contact with the other wire. Subsequently, as the blade cutting move
continues, the blade makes a solid contact with that other wire, and a solid short
circuit is formed. Short bursts of arcing are produced when there is a solid contact
with the first wire and only a point contact with the other one. After a blade-
caused short circuit has been fully established, there is very little or no arcing at
all — depending on the size of the gap between the wires and the blade. The other
current levels tested were 75 A, 100 A, 150 A, 300 A, and 500 A; as all of these

exhibited similar characteristics, only the 200 A test results are shown.
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Fig. 6.11: The line voltage.

Due to the high current and the very fast and violent character of the cord
cutting, we can observe changes in the line voltage as well. The arcing bursts that
occur when the voltage of the arc changes will rapidly misshape the line voltage.

The arc voltage copies the line voltage, with the changes being more visible as
the arc voltage is measured near the place where the blade cut was performed. When
the half cycle of arcing is present, we can observe the flat centers of the arc voltage.

In the unfiltered current signal data (shown in Figure , we can observe
random bursts of arcing. There are several bursts with the current signal deformed
so much it almost does not resemble the original sinusoid shape. When the arcing
stops, the blade-caused short circuit is formed, and the circuit starts to conduct.
However, the shape of the current signal exhibits deformation similar to that shown
when the arcing was present; such deformation is represented in Fig. [6.14]

In the 10 kHz high-pass filtered signal, we can observe several bursts caused by
the arcing. These bursts occur at random times and are characterized by varying

peak values.
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Fig. 6.12: The arc voltage.
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Fig. 6.13: The arc current.
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Fig. 6.14: An arc current detail.

6.1.4 DC tests

In the following section, we will concentrate on DC arc signal characteristics in the

time domain. The most important difference is the nonexistence of a zero crossing
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Fig. 6.15: The high-pass filtered arc current.

region for the DC supply voltage; thus, repeated arc ignitions do not occur. Althogh
the reason is clear, the nonexistence of repeated transients (repeated arc ignitions)
makes finding the signature of the DC arcing a highly challenging task. In spite
of the fact that tests were performed for both low currents (using the procedure
described in the UL 1699B standard) and high currents, only tests with the higher
ones (more than 40 A of arc current) will be presented here. The reason is simple:
After evaluating the results of all the tests performed, we found out that the high
current tests provide results different from those obtained with the low current tests.
In both cases, the DC arcing signal is obviously assumed; as regards the low currents,
however, the arc is less stable and thus also more “violent”. In the low current
signal characteristics, we may observe many transient events and much higher high-
frequency noise than in the high current signals. For the intended application, it is
necessary to focus the analytical effort on the more challenging high-current data.

The DC arcing tests were performed with two different power sources, one of
which is a PV power plant with no converter installed. From this source, the feeding
current is extremely stable, with almost no noise, as displayed in Fig.|6.16| The high
frequency (10 kHz to 2.5 MHz) current is less than 1 A, while the overall current
corresponds to 67 A.
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Fig. 6.16: The PV power supply: DC current — a baseline test.
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The other source of the DC electric power is a custom DC power supply. As
shown in Fig. [6.17] this power supply exhibits many little peaks in a non-filtered
current signal. If we zoomed in, we would observe that these peaks are periodical.
However, as for the high frequency signal, it is nearly same as in the case of a PV

source.
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Fig. 6.17: The DC power supply: DC current — a baseline test.

In the DC tests, two different arc initiation procedures were used; while the
former one is a classic steel wool and plastic tube arc generator as described in
the UL 1699 standard, the latter one consists in a springed wire test setup. These
methods were already described in chapter [5, and thus we will not analyse them
again at this point.

The first test characterized here is that with PV panels as the power source,
where the arc is ignited with steel wool held in place by a plastic tube. The line
voltage is 295 V, and the pre-arc current corresponds to 72 A; the current drops to

61 A during the arcing event. The arcing starts at the time ¢t = 0.2 s.
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Fig. 6.18: The PV power supply: Line voltage during test.

When we observe the line voltage, it seems at first that there is not much to be
seen. The voltage looks smooth, with no possibility of finding out whether arcing
present in the circuit.

However, if we examine in detail the spot where the arc ignition was expected
to occur, we will observe a transient event with the duration of approximately 1
ms. The voltage quickly rises to 290 V, and this rise is accompanied by many small

spikes and rapid variations of the voltage.
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Fig. 6.19: The PV power supply: The line voltage during the arcing test — a detail.

When observing the unfiltered current signal, we can notice it is more eventful

than the voltage one. Because the arc is not static every time its root changes its

position, the arc impedance varies, and we may observe a fast small drop or rise in

the current value.
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Fig. 6.20: The PV power supply: the current during the arcing test.

Fig. 6.21: The PV power supply: Current during the arcing test — a detail.
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The detail of the current signal shows the transient event when the power is

being switched on. The current drops down to the value of 50 A, and the whole

event lasts for approximately 3 ms. We can also observe some of the small transient

events related to the unstable nature of the arcing process.

The 10 kHz high-pass filtered current signal is shown in Fig. [6.22] where most

significant event is the first (and the highest) peak; additionally, there are some

subsequent transient events while the arc is burning. The mean value of the high

frequency signal is 0.065 A.
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Fig. 6.22: The PV power supply: The high-pass filtered current.

6.1.5 Novel arc ignition procedure

In the previous examples, the arc signature could not be described due to our in-
ability to separate the transients related to the closing of the circuit from those
associated with the initial ignition of the arc. This obstacle is solved by a newly
proposed arc ignition procedure (the springed wire test); the last two examples in
this chapter describe various tests using this novel approach.

The first test uses PV panels as the DC voltage source. In this case, the unfiltered
arc current will be displayed first in order to show when exactly the arcing started.

With this additional information, we will observe the other signals.
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Fig. 6.23: The PV power supply: The current during the springed wire test.

As indicated in Fig. [6.23] the circuit was switched on at the time ¢ = 0.2 s with
the current value of 48.6 A. The arcing began later, at ¢t = 0.27 s. The arc ignition
is accompanied by a transient event of the current dropping down to the value of
41.6 A before it settles at the stable value of 43.5 A. The transient event lasts for
approximately approximately 10 ms.

It is obvious from the line voltage representation (Fig. that there is nothing
to observe at the time of the arc ignition, and thus we can state that the arcing with
the current value of (roughly) 50 A does not influence the source voltage signal.
Theoretically, if the source had a higher impedance, the line voltage could change.

If we look at the 10 kHz high-pass filtered current signal, we can observe that
both the closing of the circuit and the beginning of the arcing are visible events. To

improve the visual resolution, it is advantageous to transform the data so that the
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Fig. 6.24: The PV power supply: The line voltage during the springed wire test.
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Fig. 6.25: The PV power supply: The high-pass filtered current — the springed wire
test.

current axis (y-axis) can be changed to a logarithmic scale (dB scale). The result

of such a step is shown in Fig. [6.26
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Fig. 6.26: The PV power supply: The high-pass filtered current, a dB scale.

The modified resolution is substantially better, and, in addition to the clear
demonstration of both main events, it is possible to observe that the signal width
becomes visually thicker once the arc has been established; in other words, once the
arc is ignited, the amount of high frequency noise is elevated.

The last data presented in this chapter were acquired with a custom built DC
source as the power source; its voltage was 680 V, and the current corresponded to
200 A. The voltage and current levels were much higher than in the previous cases,

and they remained in the range of the current levels of the intended applications.
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Fig. 6.27: The DC power supply: The current during the arcing test.

At the first stage, the unfiltered current signal will be presented in order to
provide a good overview of the whole test. Because of the very high current, the
arc ignites almost immediately after the circuit is energized; however, we can still
recognize when the arcing started. The main distinguishing feature of this signal
is the periodical peaks, which, in the figure above, resemble a light blue envelope
around the main dark blue signal. These light blue peaks are generated by the power
supply and do not bear any relevance to the arcing. We will be able to observe them
in the 10 kHz high-pass filtered current signal as well.
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Fig. 6.28: The DC power supply: The voltage during the arcing test.

The line voltage signal represented in Fig. [6.28 shows the transient event at the
energizing circuit and the immediate arc ignition, but apart from these not much is
to be seen. In Fig. the 10 kHz high-pass filtered current in the absolute scale
is displayed.
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Fig. 6.29: The DC power supply: The high-pass filtered current during the arcing
test.

46



However, to gain more information from the high frequency current signal, signal

transformation and conversion of the vertical axis to a dB scale are used again (see

Fig. for the result).
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Fig. 6.30: The DC power supply: The current during the arcing test, a dB scale.

In both cases, it is obvious that arcing is present, but we are unable to find
the exact moment of its beginning. Moreover, in both cases we can also observe
periodical peaks generated by the power supply; these regular peaks are shown in
detail in Fig. |6.31
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Fig. 6.31: DC power supply: High-pass filtered current — detail
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6.2 The frequency domain

As stated in the previous chapter, we need to obtain more information from the
acquired signal data to facilitate arcing detection. In order to make the additional
information available, we will shift our signal processing domain from the time one
to the frequency one. Thus, we will perform the Fourier transform (FT) of the time
domain signal. This transform is essentially a convolution between the time series
x(t), represented by samples x(k), and a series of sine and cosine functions that can
be viewed as template functions. The operation measures the similarity between
the x(t) or x(k) and the template sine/cosine functions, and it expresses the average
frequency information during the entire period of the signal analyzed [I3].

The obtained signal is discrete, meaning that the discrete Fourier transform
(DFT) has to be used. The most efficient algorithm for the DFT is the fast Fourier
transform (FFT); the FFT’s speed stems from the fact that the original computa-
tional complexity of the signal N? is reduced to N *logs(N). Therefore, the demand
for the computing power is much lower (for N > 4) [21].

The obvious drawback of using the F'T lies in that the method does not provide
any information about the evolution of the signal in time, as it ensures results in the
frequency domain. Another disadvantage of the FT is the assumption that the input
signal is periodic; however, any violation of this assumption leads to distortions that
are still acceptable.

As we need to analyze signals having a non-stationary character (their frequency
content changes in time), information on the evolution of the signal in time is cru-
cial. This problem can be addressed via taking advantage of the concept presented
by Denis Gabor in 1946; the solution is to divide the signal into small time win-
dows, where we assume this signal to be stationary. Such division is achieved via
multiplying the signal by a window function. For each windowed function, an FFT
is then computed. Such representation of the frequency domain variations over time
is referred to as the short-time Fourier transform (STFT).

The length of the window is important for the resolution of the time and the
frequency. When we tile the time-frequency plain with the STFT, the area of one
tile remains the same, although the length of the tile can be changed. This means
that, with a long window, we obtain a higher resolution in the frequency domain
but lose the resolution in the time domain. In an extreme case, the window length
is the whole duration of the measurement the information is completely lost . In
the opposite case, the window is narrow, and the resolution of the time content is
high. But the gain in the time resolution was lost in the frequency resolution, and
thus it is important to choose an appropriate length of the window function.

The plot used to visualize the STFT data is termed a spectrogram. The result-
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ing 2D spectrogram shows the magnitude of the time-dependent Fourier transform
versus time; the magnitude itself is represented by color changes. In the 3D spectro-
gram, the z-axis is present as well, and displayed in its direction is the magnitude
of the signal.

While analyzing the acquired spectrograms, two significant patterns can be no-
ticed. The former one is important as it helps us to better understand the signals
acquired during the arcing, regardless of the fact that the observed phenomenon
is not directly relevant for the arc detection. The phenomenon manifests itself as
peaks and valleys created by standing waves. To explain this behavior, let us cite

the definition of standing waves first:

"A standing wave is an oscillation pattern with a stationary outline that
results from the superposition of two identical waves traveling in opposite

directions." [1§]

And how is this definition related to our application? When the sine wave in the
transmission line travels through the boundary where the impedance changes, a part
of the wave moves forward, and another part is reflected in the opposite direction.
This is the reason why there are waves propagating in two directions with the same
frequency and amplitude in the electrical circuit. Because of the additive behavior
of the waves, the amplitude of the resulting wave is different from the wave fed to
the circuit from the source. The two most visible cases are when the amplitude
doubles or is zero; these two cases are then denoted as peaks and nulls.

The standing waves are observable at high frequencies, namely when the length
of the transmission lines is not negligible with respect to the length of the waves. In
the spectrogram, we will observe them as peaks and valleys (bands of amplified and
attenuated signal magnitudes) at a given frequency going through the whole time
when the current is flowing through the circuit. For the arc detection, it is important
to understand that arcing emits a substantial amount of high frequency noise to the
electrical circuit, and therefore the chance of the peaks and valleys (nulls) occurring
is very high. However, to use this phenomenon for arc detection is a problematic
task as the differences in the wiring topology of every installation directly influence
the positions and magnitudes of the peaks and valleys.

The latter observable phenomenon is the broadband noise bursts affecting the
whole spectrum. In the 3D spectrogram, these will be displayed as thin walls
throughout all the frequencies. The bursts are the sign of a fast step change in
the current signal. Such changes are present when the circuit is energized and de-
energized; when the arcing starts; and also randomly during the arcing event. The
randomness in the description of the arc behavior is important as it is the random-

ness that helps us to distinguish between load-generated high frequency noise and

49



arc-generated high frequency noise.

The test measurements displayed here are the same as those characterized in
the Time domain chapter. We will present 3D and 2D spectrograms of the 10 kHz
high-pass filtered current (with one exception), and, for better understanding, also

the relevant unfiltered current signal in the time domain.

6.2.1 Carbonated path test: 60 Hz AC

The first presented test is a 60 Hz carbonated path test. In this case, the 3D and 2D
spectrograms of the unfiltered current signal are introduced first so that the reader

understands why only the high frequency data are used in the remaining examples.
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Fig. 6.32: Carbonated path test: Arc current

At the time t = 0.2 s, the arcing has started. The arc ignition corresponds to a
decrease in the flowing current as the arc represents an elevated impedance in the
current path.

The 3D spectrogram has three axes: an x-axis displaying the frequency, a y-
axis expressing the time, and a z-axis displaying the magnitude of the signal at
the decibel scale. We can observe a very high signal magnitude in the region of
low frequencies. Also, many broadband bursts are observable over all the spectrum
width, forming the so-called walls are present. In this figure, we cannot see any
peaks or nulls formed by the standing waves. The walls are visible in the following
2D spectrogram (Fig. as vertical lines that correspond to elevated broadband
magnitudes at given times.

The spectrograms below show the same test, but the input current signal for the
STFT was a high-pass one filtered, with the cutoff frequency of 10 kHz. Due to the
high pass filter, the strongest signal part up to 10 kHz was eliminated. However,
it can be observed that the overall signal magnitude was lowered; it appears as if

the whole base of the signal were missing. This, then, is the consequence of the
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Fig. 6.33: The carbonated path test: The arc current — a 3D spectrogram.
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windowing used in the STF'T, aand the effect is referred to as frequency leakage. In
this case, a strong low frequency component present in the input signal is leaking
to the high frequency part of the spectrum.
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Fig. 6.35: The carbonated path test: The high-pass filtered arc current — a 3D
spectrogram.

The origin of frequency (spectral) leakage can be explained as follows [8]:

“...the observed signal is actually convolution of ‘ideal’(infinite, pe-
riodic) signal with a windowing function. The used window function
(rectangular window) represents itself as a sinc function in the frequency
domain and as such it has side lobes other than its main lobe. Those
side lobes are not desired and they represent spectral leakage in frequency
domain.”

Using a more advanced windowing function could help us to tackle the difficulty;
however, the use of high-pass filtered data is a robust solution that completely
removes the problem. The high-pass filter eliminated the strong low frequency

(60 Hz) signal, and thus significantly less “energy” is available for the leakage,
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making the high frequency part of the spectrogram much less distorted. In the
STFT spectrogram of the 10 kHz high-pass filtered current signal, the broadband

bursts affecting the overall spectrum are easier to recognize and detect.
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Fig. 6.36: The carbonated path test: The high-pass filtered arc current — 2D spec-

trogram.

6.2.2 Opposing electrodes test: 60 Hz AC

The second presented test is the 60 Hz opposing electrodes test, a procedure where
the electrodes are slowly drawn apart.

The unfiltered time-domain current data are shown in Fig. The arcing starts
at t — 0.2 s, and the small drop in the current is caused by a non-zero impedance
of the arc. As the electrodes are slowly drawn apart, the length of the arc rises.
Due to the increasing distance of the electrodes, the arc then starts to diminish at
t=0.7s.

In the corresponding spectrogram (Fig. we can again observe broadband

noise bursts at distinct times.
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Fig. 6.37: The opposing electrodes test: The arc current.
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Fig. 6.38: The opposing electrodes test: The high-pass filtered current — a 3D
spectrogram.

In this 3D spectrogram, the peaks and valleys caused by the standing waves are
also observable in the form of long-term elevations at specific frequencies. The effect

of the standing waves is more prominent in the 2D plot, where the standing waves
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are highlighted as horizontal lines.
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Fig. 6.39: The opposing electrodes test: The high-pass filtered current — a 2D

spectrogram.

6.2.3 Point contact test: 60 Hz AC

The last 60 Hz test presented is the point contact test, namely a cutting procedure
where a cable specimen insulation is cut with a suitable tool having a steel blade.
The arc current is present in the form of short bursts before the conductive path
fully establishes itself while the conductive blade forms a short circuit between the
two distinct conductors inside the cable specimen. The bursts of arcing, when the

current is non-zero, are clearly visible in both the 3D and the 2D spectrograms.

6.2.4 DC tests

The DC arc signal analysis starts with the test where PV panels are used as the

power source and the steel wool with plastic tube is used as the arc initiator.
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Fig. 6.40: Point contact test: Arc current
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Fig. 6.41: The point contact test: The high-pass filtered arc current — a 3D spec-
trogram.
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The circuit is energized and the arc is quickly ignited. The current with arc

ignited remains rather stable with just a few minor changes in the current value, see
Figure 6.43

Frequency [ Hz ]

Fig. 6.44: The DC test: The high-pass filtered arc current — a 3D spectrogram.

The spectrogram shows that the repeated (periodic) broadband bursts typical
of AC arcing are not present. On the other hand, the major broadband burst
at t = 0.2 s clearly stands out in the 3D spectrogram, and several bursts with
substantially lower energy (especially in the region below 1MHz) are also notable.

The arc-caused bursts are clearly visible in the 2D spectrogram plot (Fig. [6.45f
we can see that the characteristic bursts are recognizable in the high-pass filtered
signal spectrogram in the frequency range below 1 MHz.

6.2.5 DC test with the novel arc ignition procedure

The spectrograms for the springed wire test at the current level of 50 A with PV
panels as the power source are almost completely noise-free (quiet), with merely
some background noise signal of the source. The only two events distinguishable
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Fig. 6.45: The DC test: The high-pass filtered arc current — a 2D spectrogram.
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here are the switching-on of the power source, and the rather noisy discrete ignition
of the arc.
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Fig. 6.46: The spring-based DC test: The arc current.
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Fig. 6.47: The spring-based DC test: The high-pass filtered arc current — a 3D

spectrogram.

The second spring test at the current level of 200 A, with a rectifier as the power
source, is somewhat different from the previous one. The source itself emits more
high- frequency noise; thus, the overall energy of the signal during the test is higher,

and we can also observe the standing waves’ peaks.
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Fig. 6.48: The spring-based DC test: The high-pass filtered arc current — a 2D

spectrogram.
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Fig. 6.49: The spring-based 200 A DC test: The arc current.
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In the 2D spectrogram, the broadband burst lines are clearly visible, standing out
especially in the frequency band below 1 MHz, where the background high-frequency
noise is relatively weak.
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Fig. 6.51: The spring-based 200 A DC test: The high-pass filtered arc current — a
2D spectrogram.
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6.3 Wavelet based analysis

In this chapter, we will focus on the wavelet transform as the last signal processing
method used in this thesis. In this context, let us first compare the STFT used in
the previous chapter to the wavelet transform, explaining why an additional tool
for signal analysis is necessary. The authors of source [40] interpret the problem as

follows:

“The short-time Fourier transform (STFT) is a time/frequency analysis
technique which retains the time index of the frequency spectrum and
seems to overcome the temporal localization problem. However, it still
has a fundamental drawback in that the length of the window used in the
STFT is the same for all frequencies. In order to obtain good frequency
resolution, a large number of data points is required which in turn causes
any short time variation within the window to be obscured on the resulting
spectrum and minimizes the ability to temporally localize high frequency
signals. If one wishes to have different resolutions in different parts of
the frequency spectrum, the discrete STFEFT will have to be repeated for
a number of window sizes. Thus, the problem is really that of time and

frequency resolution tradeoff.”

For the time-frequency domain analysis of harmonic-related disturbances, it is
possible to find the ideal window; however, the arc fault signature is distributed
throughout many frequencies, and therefore finding an ideal window to obtain all

information about the arcing event remains an unfeasible task.

6.3.1 Brief introduction to the Wavelet transform

The explanation above clarifies why even the STFT, despite being a useful tool,
stops far from constituting an ideal instrument for the detection of arcing events.
Nevertheless, additional signal processing methods are currently available in the
mixed time-frequency domain. One of the more attractive techniques is signal anal-
ysis based on the wavelet transform; in our case, the discrete wavelet transform
(DWT) will be used. A basic introduction to the principles of wavelet analysis is
provided in [3]:

“Wavelet analysis is similar to Fourier analysis in the sense that it breaks
a stgnal down into its constituent parts for analysis. Whereas the Fourier
transform breaks the signal into a series of sine waves of different fre-
quencies, the wavelet transform breaks the signal into its "wavelets’,

scaled and shifted versions of the "mother wavelet” . ..
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... In contrast to the Fourier transform, the wavelet transform allows
exceptional localization in both the time domain via translations of the

mother wavelet, and in the scale (frequency) domain via dilations . ..

... The dilation function of the discrete wavelet transform can be repre-
sented as a tree of low and high pass filters, with each step transforming
the low pass filter as shown in Figure. The original signal is successively
decomposed into components of lower resolution, while the high frequency

components are not analyzed any further.

il !
N L—
LPF HPF
i}

I:;F IHPF

... The translation and dilation operations applied to the mother wavelet

I~
L

are performed to calculate the wavelet coefficients, which represent the
correlation between the wavelet and a localized section of the signal. The
wavelet coefficients are calculated for each wavelet segment, giving a

time-scale function relating the wavelets correlation to the signal.”

The following pages present plots of wavelet coefficients for the same tests as
were shown in the previous chapters. The mother functions applied were Coiflet 2,
3, 4, Daubechies 4, 5, 14, and Symlet 4, 5, 8.

6.3.2 Discrete wavelet transform-based analysis of AC test
data

For both the AC and the DC signals, the data used as inputs for the wavelet trans-
form are the 10 kHz high-pass filtered current data. In order to achieve better
resolution, necessary in the DC signals, the data were transformed to a logarithmic

scale before the wavelet transform was performed.
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The mother functions listed above were evaluated for their ability to distinguish
arcing events. Decomposition levels were tested up to level 12. For further presenta-
tion, this section will utilize coefficients obtained with the Coiflet 3 mother wavelet
function at decomposition level 5. Wherever we consider it helpful to the reader,
the current signal in the time domain will be displayed as well.

As regards the 60 Hz AC tests, the signals are very similar, enabling us to
present and analyze them at once. In all of such signals, we can observe spikes of
random height and duration at times when the transient events take place in the
original signal. Because of the differences in the arcing for the different arc initiating

methods, the presence of the spikes is different:

o The opposing electrodes test exhibits the spikes present during the whole arc-
ing.

e The carbonated path test has short periods of the signal completely quiet.

o The point contact test shows only few high and well-distinguished spikes

present in the signal.
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Fig. 6.52: The carbonated path test: Coiflet 3, decomposition level 7.
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Fig. 6.53: The opposing electrodes test: Coiflet 3, decomposition level 7.
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Fig. 6.54: The point contact test: Coiflet 3, decomposition level 7.

6.3.3 Discrete wavelet transform-based analysis of DC test
data

As discussed in the previous chapters, looking for the arc signature is much more
challenging in the DC arcing. To capture solely the arcing characteristics (arcing
signature) without any additional load-related noise, the tests were carried on when
the power sources (the PV panel, the Sorensen, and the custom-built DC source)
were loaded with resistive loads only.

First, the PV panels’ baseline test without arcing is displayed; it becomes ob-
vious that the coefficients for the seventh decomposition of the signal significantly
change only in the event of switching on the circuit. Otherwise, from the seventh
decomposition level coefficients, it is not possible to distinguish whether the cir-
cuit is powered on or not. This satisfies our purposes because any further abrupt
changes of the seventh decomposition level coefficients will be due to the arcing and

the source.
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Fig. 6.55: The DC test baseline: the PV panels, 72 A.

The first arcing test displayed is the 72 A pre-arc test with steel wool and a
plastic tube as the arc initiator and PV panels as the source. As the opposite of
what was shown in the time and frequency domain chapters, here, while looking
at the seventh decomposition level coefficients, we can clearly observe many spikes

occurring randomly.
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Fig. 6.56: The DC test baseline: the PV panels, 72 A: Coiflet 3, decomposition level
7.
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Fig. 6.57: The steel wool based DC test: the PV panels, 72 A.
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Fig. 6.58: The steel wool based DC test: the PV panels, 72 A: Coiflet 3, decompo-

sition level 7.

The arc initiated by the applied steel wool held by a plastic tube exhibits physical
properties different from those shown by the arc ignited with a springed wire; this
is due to the carbon infused during the burning of the arc. For this reason, then,
the signal characteristics of the tests differ significantly.

In the test with the arc initiated using a springed wire at 50 A, there were no
significant features in the time and frequency domains that could be used to detect
the arcing. However, in the case of the DWT, we can clearly observe switching the

circuit on and off. The arc ignition is also openly detectable as we observe this event
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in the form of a very high and broad spike, i.e., it consists of many individual spikes
positioned next to each other. The most important feature for the arcing signature
description is that the “base” signal present during the whole measurement doubles
when the arcing is present. In other words, many very small transient events, which
we were unable to observe in either the time or the frequency domains, are present
in the signal during the arcing event. Taking advantage of the right mother wavelet
function (Coiflet 3), we are then capable of detecting such events with the DW'T.
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Fig. 6.59: The springed wire DC test: the PV panels, 50 A.
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Fig. 6.60: The springed wire DC test: the PV panels, 50 A: Coiflet 3, decomposition
level 7.

The second source used for the tests is the above-mentioned custom built DC
source. The base signal test (no arcing) and its corresponding seventh decomposition
level coefficients are shown below. In this case we may observe the circuit being
switched on and off, but, apart from that, nothing else is noticeable.

The last test displayed below is the test with DC power supply with its signal
baseline as shown in figures and [6.62], the current is set to 200 A, but this time
there will be arcing present. The arcing in this test is initiated with the springed
wire.

As the current is very high, the arcing starts almost immediately after the circuit
is closed. We cannot distinguish between powering the circuit up and the arc igni-

tion. However, we have already acquired the seventh level coefficients for the source
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Fig. 6.61: The DC test baseline: the DC power supply, 200 A.
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Fig. 6.62: The DC test baseline
level 7.
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Fig. 6.63: The springed wire DC test: the DC power supply, 200 A.

operation without the presence of the arc (see figure for reference), therefore
we may conclude that the arcing is represented in the coefficients plot (figure [6.64])
as spikes of random height positioned very densely across the whole arcing event.
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Fig. 6.64: The springed wire DC test: the DC power supply, 200 A: Coiflet 3,

decomp. level 7.
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7 PROPOSED DETECTION METHOD

In order to develop automated detection algorithm a method to perform the detec-
tion of events of interest has to be proposed. Arcing is an unpredictable event that
has been found to affect subgroup of data rather than individual data points [29],
therefore standard approaches to event detection can be applied. Basic general goals

of event detection introduced in [29] are:

o Identify if an event of interest has occurred;
o Characterize the event (how is the subgroup of data affected);
e Detect as accurately as possible;

e Detect as early as possible.

In our case the early detection is required to minimize the energy dissipated
by the electric arc to prevent fire ignition and/or heat-caused damage, while false
positives (nuisance tripping) are highly undesirable due to economic factors. A
trade off between early detection and false-positive detection probability has to be
found. Therefore the detection algorithms has to have a tunable threshold to adjust
detection sensitivity.

For the temporal event detection a uni-variate temporal methods are used as a
relatively simple solution. General framework, according the the Event detection
tutorial [29], is:

o Predict expected signal signal value.

o Measure difference between actual and expected signal values.

o Compute alarm value.

From the available uni-variate methods, methods based on moving averages like
the Simple Moving Average (SMA), Weighted Moving Average (WMA), Exponen-
tially Weighted Moving Average (EWMA) seem to be suitable candidate functions to
characterize an actual signal value. Maximum expected signal value is the detection
threshold. The event is detected either as soon as the moving average exceeds the
threshold, or if the threshold remains exceeded for given amount of computational
steps.

The SMA lets us compute an unweighted mean of the last n samples using a
recursive formula [16]:

Ty — Tk—n

a = Qg1+ ——,
n

where a;, is a new value of SMA in step k, aj_1 is the SMA value computed in
the previous step, z; is the new sample in step k, n is the sliding window size and
Tk_n is the oldest sample in the sliding window.

The Exponentially Weighted Moving Average (EWMA) averages the data in a

way that gives less and less weight to data as they are further removed in time. By
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selection of the weighting factor, o, the EWMA based detection sensitivity can be
tuned as the parameter a determines how quickly the old data loose influence on
the actual value of EWMA [30]. The EWMA is calculated as follows:

er =axx, + (1 — ) xepq,

where e is value of EWMA in step k, e,_1 is the EWMA value computed in the
previous step, zj is the new sample in step k and « is a forgetting parameter.

We observed that single arcing transient event lasted more than 5 ms, while
switching related transient were shorter. Therefore our observation matches findings
published in Chapter {|[State of the Art in the Arc-fault detection where in the
paper [14] the length of the time window was 10 ms.

If SMA is to be used, the window has to be significantly longer than the 5ms,
if EWMA is to be used, the a has to be set so that 5ms old data are not forgotten
yet.

In general the threshold can be either fixed or adaptive. The adaptive solution
presumes that during the installation there are no arcs, therefore the arc detection
device can learn typical arc-free operation levels. In such a way the threshold level

is tuned to local installation conditions at the time of installation.

7.1 Detection in time domain

From the signals presented, described and analyzed in Chapter [f it is clear that
the time domain signal processing is suitable for arcing detection in the AC domain
only. Although researchers try to use time domain principles for the arcing detection
in DC systems as well, which was documented in Chapter [ in our case the time
domain principles are not really useful as we need to detect arcing in circuits with
higher power and high currents, i.e. the detection has to be really fast and reliable
to prevent any damage.

In the case of the AC signals unfiltered current signal can be used for detection
of flat parts of the signal around zero crossing. Extended part of flat signal near
the zero crossing region is one of distinguishing features of arcing, however it is not
truly exclusive feature as some loads are known to cause similar signal deformation.
Additional sign of the arcing is that the current signal becomes very steep when
the arc reignites. Computing di/dt and comparing it against a threshold value is
additional mean of detection. By combining principles defined above (extension of
flat parts above a threshold and evaluation of di/dt against a threshold) can be used

to detect arcing in AC systems in the time domain.
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7.2 Frequency domain

In the frequency domain detection of both AC and DC signals can be done. In both
domains (AC and DC) we have observed the abrupt increase in the overall spectra
(walls). In the case of DC signal the "walls" may be present only during the arc
ignition, but nevertheless, they are always present and thus can be detected. As we
have seen in Chapter [6] it is favorable to use high-pass filtered signal to minimize
spectral leakage. Arcing events can be detected by performing the FFT for specified
time window and computing the whole high-frequency energy of the signal. With
the obtained energy value a simple moving average will be computed and compared

to a threshold value.

7.3 Time-frequency domain

In Chapter [6] we demonstrated that the wavelet transform is a superior tool for the
analysis and characterization of non-stationary signals. The ignition of an arc and
arcing were found to be visually detectable using the wavelet transform for both the
AC systems and the highly challenging DC systems.

In order to detect arcing via the advantageous use of the wavelet transform,
the proposed method is to pre-process the signals (high-pass filtration and log-like
transformation) as described in Chapter @ and to perform the wavelet transform
with a chosen mother wavelet (Coiflet 3) and decomposition level 7. The obtained
coefficient values will be used as an input for the computation of the simple moving
average. The arcing is detected by comparing the actual SM A value against a
threshold.
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8 CONCLUSION

It is well known that existing protection devices, including circuit breakers and
RCBs, do not provide sufficient protection from arcing faults, even though unde-
tected arcing may cause fires due to the extreme arc temperature. A brief fire
statistics-based discussion in favor of the use of arc fault detection devices is pro-
vided in Chapteifl] In Chapter 2] the AFDDs (Arc Fault Detection Devices) have
been introduced and relations between relevant AFDD standards has been provided.
Existing standard for residential AFDD have been provided and tests prescribed in
those standards have been described. As the existing standards do not address
emerging types of loads (loads that are based on high frequency switching power
electronics generating HF noise) the existing AFDDs either may tend to trip ex-
cessively due to perceived electromagnetic noise or may not trip correctly as the
electric arc symptoms are masked by the high frequency noise. This new challenges
in the residential AC domain substantiate the need for novel robust arc detection
methods.

Chapter [3] focuses on DC applications as with emerging high-current DC based
systems (e.g. photovoltaics) arc fault detection solutions designed specifically for
such DC applications are needed. The appropriate standard UL 1699B is described
and it is shown, that this standard addresses only limited part of the PV. Protection
systems for PV components where the current levels are between 100 A and 400 A
and voltage levels are between 1000 V — 1500 V is also needed.

Chapter |5 describes measurements that were performed in Eaton laboratories
in order to support development of novel arc detection method. As the AC grid
measurements for European 50 Hz grid have already been available (provided by
Eaton), the 60 Hz and DC measurements had to be performed. Complete series of
UL 1699B tests have been done, additionally tests for higher currents up to 200 A
have been performed.

During testing we observed that existing testing setup according to the UL stan-
dard is both inconvenient and insufficient for novel application areas. Therefore
modification of the test setup leading to safer, more repeatable and more realis-
tic measurements has been proposed. The innovative arc initiation procedure uses
springed wire instead of steel wool. The new method was successfully applied and
it was verified that this innovation solves drawbacks that were described in Chap-
ter D11l

Chapter [6] focuses on analysis of the acquired data; time-domain based analysis
and its inadequacy is described in Chapter [6.1] Signal analysis in the frequency
domain based on Fourier transform is described in Chapter [6.2] Short-time Fourier

transform (SFTF) and outcomes of its application on the acquired signal data is
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described there. In spite of the fact that in order to analyze the non-stationary arc
related signals the Frequency transform based tools are not ideal, in Chapter [6.2
is documented that using STFT it is possible to analyze and subsequently detect
arcing in AC based systems. The Fourier transform based approach takes advantage
of repeated (periodic) arc ignitions that are present in AC systems due to the zero-
crossing nature of the AC power sources. From the analysis in this chapter it
seems that sufficient information is available in the signal frequencies in between
10 kHz and 1 MHz therefore for the detection system based on Fourier transform
sampling frequency of 2 MHz is sufficient. However, in this chapter it has also been
documented that the SFTF seems to be an inadequate tool for DC based systems
where periodic arc ignitions are not present.

In Chapter [6.3 Wavelet based analysis is introduced as a tool that enables to over-
come time-frequency uncertainty constrain of the SFTF. Discrete wavelet transform
(DWT) is used to analyze the AC and DC arcing signal data in the mixed time-
frequency domain. Broad range of mother functions has been used in order to find
mother function that makes reliable detection of arcing event possible. The Coiflet 3
mother function has been found as the most suitable one. During the search for de-
tection method based on DW'T various decomposition levels up to the level 12 have
been evaluated. The most reliable combination found for both AC and DC arcing
was the Coiflet 3 mother function with decomposition level 7.

The proposed basic detection principle, which is described in[7] takes advantage
of findings that were documented in Chapter [l Detection methods that operate
solely in time domain (for AC systems) and/or frequency domain (both AC and DC
systems) are proposed.

However, for reliable and robust detection of the arcing events even in the chal-
lenging DC applications it is recommended to apply the high-pass filter on the
current data in the pre-processing stage, perform log-like transform of signal data
and then transform the data using the DWT — the proposed arc detection method
is based on DWT with Coiflet 3 mother function. The arc is detected if the seventh

level coefficients moving average exceeds a specific threshold.
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LIST OF SYMBOLS, PHYSICAL CONSTANTS
AND ABBREVIATIONS

A Amper

ay, Value of Simple Moving Average in step k
AC Alternating Current

AFCI Arc Fault Circuit Interrupter

AFDD Arc Fault Detection Device

cm centimeter

CWT Continous Wavelet Transform

dB Decibel

DC Direct current

DFT Discrete Fourier Transform

DWT Discrete Wavelet Transform

ek Value of Exponentially Weighted Moving Average in step k
EMI Electromagnetic Interference

EU Furopean Union

EWMA Exponentially Weighted Moving Average

FFT Fast Fourier Transform

FT Fourier Transform

Hz Hertz

I Electric current

[EC International Electrotechnical Commission
kHz Kilohertz

MHz Megahertz

mm Milimeter
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m Meter

n Length of the sliding window in SMA formula
N Scaled measure

PV Photovoltaic

RCB Residual Circuit Breaker

RCD Residual Current Device

S Absolute sum

s second

SMA Simple Moving Average

STFT Short Time Fourier Transform

THD Total Harmonic Distortion

t Time

USA United States of America

USFA United States Fire Administration
US United States

U Voltage

uv Ultraviolet

VFD Vacuum fluorescent display

\Y Volt

W Watt

WMA Weighted Moving Average (WMA)
Ty k" data sample

« Forgetting parameter in EWMA formula
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