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Abstract: Recently, Low-Voltage DC (direct current) distribution systems have received high lights
according to the expansion of DC generations and DC loads such as photovoltaics (PV) generations,
electric vehicles (EVs), light emitting diodes (LEDs), computers, DC homes, etc. Low-Voltage DC
distribution systems have optimistic perspectives since DC has various good aspects compared to
alternating current (AC). However, ensuring safety of human and electric facility in Low-Voltage
DC is not easy because of arc generation and difficulty of arc-extinguishing. This paper constructs
a low-voltage DC circuit and studies the arc interruption that occurs when separating electrodes from
where load currents flow. Also, arc extinguishers are experimented upon and analysed in various
levels of source voltage and load currents conditions. Voltage and current characteristics for arc
interruption are identified based on experimental results, and we establish the electric generation
for arc interruption. Further, the voltage—current characteristics and the correlation of arc during arc
duration time arc are verified, and the voltage—current equation and DC arc resistance model for the
breaking arc are developed.

Keywords: arc characteristic; arc-extinguisher; DC arc model; DC distribution system; Low-Voltage DC

1. Introduction

With the recent increase in loads using direct current (DC) power, such as TVs, computers, Light
Emitting Diodes (LED) lights, and the like, and increase of renewable power sources in the form of
distributed generation, demand for DC distribution is increasing [1,2]. The rapid development of the
information society has led to an increase in the direct current loads such as Information Technology
(IT)-related digital devices. In electricity-isolated areas where the people do not receive electricity,
renewable power generation with distributed generation form is the most effective means to provide
electric energy. In this situation, it is possible to reduce the power conversion step to supply DC
load by changing the power distribution system from Alternating Current (AC) system to DC system,
which reduces installation cost and increase energy efficiency. These advantages are expected to
increase the demand for DC distribution system in homes and buildings.

However, in order to enable the DC distribution system, it is important to solve the problem
of melting of contacts, fire, etc. caused by the arc in a socket-outlet plug [3] and circuit breaker [4].
However, knowledge of the arc in DC system has not been fully discovered, and there has not yet been
a clear definition of the arc in DC power system.

In 1889, Paschen experimented to find that the voltage at which gas discharge begins depends on
the type of gas and is proportional to the product of the pressure of the gas and the distance between
electrodes. Paschen experimented with a situation where a so-called parallel arc was generated by
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applying a constant voltage to a test circuit where the distance between electrodes are fixed with no
initial current. Through this experiment, it is possible to find that the parallel arc arises when the
distance between the electrodes is reduced to a certain level during by applying a constant voltage [5].

Compared with the parallel arc, a series arc is generated when contact electrodes are separated in
condition that initial current flows. The series arc has been applied in the principle of arc lamp and arc
welding from the 1800s to the present. Since 1902, various models for the series arc have been suggested.
In these models, an arc voltage is defined as a function of an arc current and a gap distance [6-10].
As the conventional studies for the series arc are concentrated on the arc lamp applications, only the
quasi-static arc characteristic was investigated when the arc is continuously sustained in the fixed
gap distance.

Recently, a series-breaking arc in circuit breakers, switches, and socket outlets and plugs as
a protective device for DC distribution has been researched [11]. The series-breaking arc generated
in the protective devices is likely to cause fire by high temperature plasma generation. The problem
in the protective devices should be properly solved to install them in electric facilities. Therefore,
it is necessary to understand precisely the initiation, sustenance, and extinguishment of the series
breaking arc generated in the protective device during the contact electrodes are separating. Until now,
many researches have been made on DC breaking arc generated at electrodes during load currents
flow without clearly clarified, the relationship between the voltage and current characteristics at
the electrodes [12-14].

This paper has composed a low-voltage DC circuit, and experimented on breaking arc that occurs
when separating electrodes at various levels of source voltage and load current conditions.

2. DC Arc Experiment Method

2.1. Experimental Setup

As shown in Figure 1, a switching device is developed to experiment occurrences of arcs when
electrodes are separated during load current flows. The experiment device was installed on horizontal
level, and the material for electrodes is pure bronze.

| Experimental electrodes | | Experimental electrodes |

(@) (b)

Figure 1. Switching device for experiment; (a) ON state, (b) OFF state.

In this experiment, the maximum separation distance of the electrodes was 20 mm and the
electrode separation speed was set at 150 mm/s. The power supply voltage varied from 50 V to 400 V
and the load current varied from 0.5 A to 10 A to investigate DC breaking arcs at various voltages and
currents. Each experiment was performed 3 times to reduce measurement error. Voltage and current
were measured using an oscilloscope during the electrodes are separating. Experimental conditions
are as shown in Table 1.
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Table 1. Experiment condition.

No. Experimental Conditions

Circuit Condition: resistive load
DC50V,1/2 A
1 DC100V,05/1/2/3/4/5 A
DC200V,0.5/1/15/2/25/5/10 A
DC400V,1/5/10 A

2 Separation Speed: 150 mm/s

[6V]

Operation Number: 3 times at each condition

2.2. Experiment of DC Arc

In this study, the arc experiment of DC circuit as shown in Figure 2 was constructed to investigate
the arc generation during the electrode is separating in a state in which initial load current flows.

Figure 2. Direct current (DC) arc experiment circuit.

Figure 3 shows the relation between the separation time (f) and the distance between electrodes
(d) with a separating speed of 150 mm/s. Figure 4 shows the relation between the separation time (t)
and the source voltage (V).
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Figure 3. Distance between the electrode.
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Figure 4. Source voltage.
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When the electrode is separated in a state in which the initial load current flows, the measured
experimental waveforms are as follows in Figure 5.
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Iy Arc Initiation
Threshold Current

Ven: Arc Initiation
Threshold Voltage

118 1.20 1.22 1.24 1.26

1.28

—Voltage
between the
electrodes

——Arc Current

w
Load Current[A]

1.30

Figure 5. Experimental waveforms.

In Figure 5, the instantaneously increased voltage between the electrodes during arc initiation is
defined as arc initiation threshold voltage Vy;,; and the instantaneously decreased current during arc
initiation is defined as arc initiation threshold current I,.

Figure 6 shows the relation of arc voltage between electrodes (v,,) and separation time (t). Figure 7
shows the relation of arc current (i;c) and arc separation time (t).
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Figure 6. Arc voltage between the electrodes.
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Figure 7. Arc current.

vare(tp) is voltage between electrodes at separation start time, which is equal to zero. vgyc(text) is
voltage between electrodes at the arc extinguishing point, which is equal to the source voltage (V).
The voltage between electrodes increase rapidly between ty and ¢; and an arc occurs at ¢;. The voltage
between electrodes at t1 is vc(t1) = Vy,. The arc begins from ¢; and continues to f.y, and the voltage
between electrodes gradually increases.

Also, the arc current i,c(fg) is equal to load current I} at the electrode separation point. igc(fext) is
equal to zero at the arc extinguishing point. The arc current rapidly decreases between fy and ¢,
and the arc current at t1 is igc(t1) = I1oaq — L. The arc current continuously decreases from the arc
initiation time (#;) to the arc extinguishing time (fx).

3. The Experimental Results of DC Breaking Arc

3.1. Analysis of Arc Initiation Threshold Voltage (Vy,)

On the several source voltage levels in the experiment circuit in Figure 2 (50 V, 100 V, 200 V,
300V, 400 V), load currents were variously changed and examined. After separation of the electrodes,
arc initiation threshold voltage (Vy;) was confirmed at the arc initiation time (¢1).

From the experimental results of DC breaking arc initiation, the arc initiation threshold voltage
(Vi) at the arc initiation point (t;) distributed within 9.45-10.54 V as shown in Figure 8 and Table 2,
regardless of the magnitude of the source voltage and load currents. That is, breaking arc initiation
voltage at DC can be confirmed as constant at about 10 V.

10.43
10.32
10.21
10.10
9.992
19,883
- L9774
9.664
9.555
9.445

Arc Initiation Threshold Voltage[V]

Figure 8. Characteristics of arc initiation threshold voltage as source voltage and load current.
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Table 2. Arc initiation threshold voltage experimental results.

Vin (0arc(t1)) (Arc Initiation

Vs (Source Voltage) (V) I; (Load Current) (A) Threshold Voltage) (V)

50 1 9.56
50 2 9.77
100 0.5 9.92
100 1 9.55
100 2 9.60
100 3 9.84
100 4 9.73
100 5 9.60
200 0.5 10.28
200 1 9.80
200 1.5 10.09
200 2 9.78
200 25 9.63
200 5 9.66
200 10 9.67
300 10 9.76
400 1 10.40
400 5 9.65
400 10 9.61

This can be confirmed that the arc starts when the voltage between the electrodes (voltage formed
across the electrodes of the circuit breaker or switch) is about 10 V.

3.2. Analysis of Arc Initiation Threshold Current (Iy,)

On the several source voltage levels in the experiment circuit in Figure 2 (50 V, 100 V, 200 V, 300
V, 400 V), load currents were variously changed and examined. Based on the experimental results,
igre(to) and igrc(f1) are measured and the difference is calculated. The arc initiation threshold current
(I,) was confirmed at the arc initiation time (7).

With the arc initiation experimental results, the arc initiation threshold current (I;;,) was found to
be inversely proportional to the source voltage (V;) and proportional to the load current (I1) as shown
in Figure 9 and Table 3.

0.73

Arc Initiation Threshold Current[A]

Figure 9. Characteristics of arc initiation threshold current as source voltage and load current.
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Table 3. Arc initiation threshold current experimental results.

Iy, Gapc(to) — dgrc(t1)) (Arc Initiation

Vs (Source Voltage) (V) I; (Load Current) (A) Threshold Current) (A)
50 1 0.18
50 2 0.36
100 0.5 0.05
100 1 0.10
100 2 0.18
100 3 0.29
100 4 0.37
100 5 0.42
200 0.5 0.03
200 1 0.05
200 1.5 0.07
200 2 0.10
200 2.5 0.11
200 5 0.23
200 10 0.42
300 10 0.25
400 1 0.03
400 5 0.10
400 10 0.24

3.3. Analysis of Relationship between Arc Voltage (var(t)) and Arc Current (iqc(t)) between Electrodes

Equation (1) is derived based on the characteristics of the arc initiation threshold current (Iy;)
inversely proportional to the source voltage (Vs) and proportional to the load current (I1).

Iy = K<F )

To find the value of a random constant K, the following equation (2) is used. The constant K was
approximately 10 V, equal to the arc initiation threshold voltage (V};).

Vi
K:hhxfglothh )
L

The result of Equation (2) can be applied as with Equation (3), and it is confirmed that the value
of dividing the arc initiation threshold voltage by the arc initiation threshold current is equal to the
load resistance (Ryp).

Vo Vi

Iy I L 3)

Since Iy, = igre(tg) — farc(t1) and Vi, = vgpc(t1), Equation (4) can be as follows.

Uarc(tl) Vs
. - =—=R 4
1arc(t0) - 1arc(t1) I k @)

It has been confirmed that Equation (4) satisfies any random time between f; to f¢y;. In conclusion,
Equations (5-7) can be as follows.

Oarcl) Vs (4 <t < to) ®

iarc(to) - iarc(t) B IL
Uarc(t) = (iarc(to) - iarc(t)> x Rp, (tl <t< text) (6)

Uarc(t) + iurc(t) x Ry, = V; (tl <t< text) (7)
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varc(t) can be seen here as the product of iz (f) and rgc(t) at t (fy < t < toy) as stated in
Equation (8), and can be illustrated as the DC arc model in Figure 10.

varc(t) = iarc(t) X rarc(t) (tl <t< text) (8)

4 Varc ) larc(®)
e
AAAY
Tarc(t)

Figure 10. DC circuit within arc duration.

Equations (7) and (8) can be summarized in regards to r4(t) as stated in Equation (9).

‘/S_

m RL (tl <t< text) (9)

rarc(t) =

Tarc(tg) = 0, and rarc(text) = oo. Relations of arc resistance (r4c), source voltage (V;), arc current
(iarc), load resistance (R}) can be represented as a graph in Figure 11.

rarc (t)
—_ A
S,
N
o)
©
o
©
Q@
w
c
(]
(]
Z
(]
0
o)
(&)
c
3
(2] .
g lare(toxt) = 0\ larc(to) = Ip, Tarc(to) = 0
% 0 le— ’\ > iy (1)
Z x

Arc Current[A]

Figure 11. Relation between arc resistance, source voltage, arc current, and load resistance relation graph.
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Figure 12 shows the relationship between 7,4(t) and i4.(t) under source voltage condition
Vs1 < Vs2. When load current is I} = Iy, the load resistance Ry, is proportional to the magnitude of
the source voltages Vs1, Vi, therefore Rp; < Rpo.

7ﬂ(l?'C (t')
A

N . .
iarc(text) =0 N larca (to) = lLl ’arrZ(t'o) = ’L?.

P > ige(t)

\

Arc Current[A]

Figure 12. Relation between arc resistance and arc current with the parameter of source voltage change.

Arc Resistance between Electrodes[(}]

|
= )
S

—Ryp,

Figure 13 is the experimental result graph of 74, and i4c according to the changes in source voltage.
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Figure 13. Arc resistance and arc current experimental results (source voltage change).
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Figure 14 is a graph of the relation between 74 and iz under load current conditions Iy < Ir.
When the source voltage is equal, R is inversely proportional to the magnitude of the load currents
Ir1 and Ij,, and therefore R;; > Rjs.

Tarc(t)
A

Iy < 1>

| iarcl(to) = ILl | inrc2(t0) = ILZ |

iarr(re.\'r)\ 0
e —

></ —> g (D)
—Ry \

Arc Resistance between Electrodes|[<]

Arc Current[A]

Figure 14. Relation between arc resistance and arc current with the parameter of load current change.

Figure 15 is an experimental result graph of 7,4, and is. according to the changes in source voltage.
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Figure 15. Arc resistance and arc current experimental results (load current change).
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As 74 increase and i, decrease, the interval between the results increases. This result indicates
that, as these approach closer to the arc extinguishing point, the increase rate of ;. and the decrease
rate of iz get faster because sampling rate is equal to 1/6, 250 s.

3.4. Power Analysis between Electrodes at Random Time within Arc Duration

Based on Figure 10 and Equation (9), the arc power pa(t) (f1 < t < teyt) can be defined as in
Equation (10).

parc(t) = iarc(t)2 X 7’arc(t) (tl <t< text) (10)
2

Parc(t) = 1arc(t) X (m - RL) (tl <t< text) (11)
B . v, 2 V2

para(t) = —Rp x (1ﬂrc(t) - E) - 4R; (tl <t< text) (12)
. .2 V2

Parc(t) = —Rp x (Zarc(t) - E) - IR (tl <t< text) (13)
L

Equation (13) and Figure 16 show that the arc power is maximum the at 1/2 value of the load
current (I1). At the same time, the maximum arc power P,y becomes 1/4 value of the load power

before eleCtl‘OdeS Separation.
P - REEN - - I[ Rl ( |4)
max ]R ]

Tarc (t) Parc (t)

>
>

Resistance between the Electrodes[(]
Power between the Electrodes[W]

Ry
0 >! 0
, 1
larc(text) EIL I = igre (to) iarc (t)
Arc Current[A]

Figure 16. puc, "arc, iarc relation graph.

Figure 17 shows the graph of applying the experimental result of 200 V/5 A to Equation (13).
This result demonstrates that the arc power has its maximum value at 2.5 A where iz = %I L



Energies 2018, 11, 2511

Arc Resistance between Electrodes[Q]

0.00 1.00 2.00 3.00 4.00 5.00 6.00
Arc Current[A]
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Figure 17. Power between electrodes at 200
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12 of 14

Figure 18 shows the experimental results of arc voltage, arc current, arc resistance, and power
between electrodes during electrodes separation. As shown in Figures 16 and 17, the power between
electrodes becomes its maximum when arc current becomes %I L. As shown in Figure 18, vz, and
igre are rapidly decreased and 7, is rapidly increased when the arc power is maximum, and it is
ascertained that arc is rapidly extinguished.

Resistance[Q], Voltage[V], Power[W]
between the electrodes

300

250

200

150

100

50

1.18 1.20 1.22 1.24 1.26 1.28
Separation time[sec]

—Voltage
4 between the
electrodes

—Resistance
between the
electrodes

w
Arc Current[A]

—Power
2 between the
electrodes

—Arc Current

1.30

Figure 18. 200 V/5 A experimental results graph (arc power, arc voltage, arc current, arc resistance).

3.5. Arc Extinguishing Threshold Point

Previous Section 3.4, it is shown that increase of 7, and decrease of i, are accelerated and the
variation width becomes larger based on the time point passing Py.x. The relationship between the

time (t;4x) to reach Py, and the arc extinguishing time (¢,y¢) is analyzed as shown in Table 4.

According to the experimental conditions in Table 1, f,,x/t, was analyzed to be 0.80 on the
average. It is ascertained that arc extinguishing duration time is 20% of the total arc duration time.
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Table 4. ¢4y (time at maximum arc power) at Py (maximum arc power) and f.y; (arc extinguishing
time) relationship.

text Arc Extinguishing

Vs Source Voltage (V) I; Load Current (A) tnax Time at Pyyay (S)  tinax/text

Time (s)

50 1 0.0056 0.0048 0.86
50 2 0.0094 0.0072 0.77
100 0.5 0.0114 0.0082 0.72
100 1 0.0147 0.0112 0.76
100 2 0.0275 0.0206 0.75
100 3 0.0389 0.0245 0.63
100 4 0.0437 0.0267 0.61
100 5 0.0502 0.0325 0.65
200 0.5 0.0266 0.0229 0.86
200 1 0.0488 0.0432 0.89
200 1.5 0.0618 0.0538 0.87
200 2 0.0739 0.0598 0.81
200 2.5 0.0794 0.0706 0.89
200 5 0.0982 0.0862 0.88
200 10 0.1150 0.0968 0.84
300 10 0.1725 0.1557 0.90
400 1 0.0901 0.0854 0.95
400 5 0.1374 0.1218 0.88
400 10 0.1430 0.1230 0.86

Average of tyax/tn 0.80

4. Conclusions

In this paper, arc initiation voltage and arc initiation current characteristics were shown through
arc initiation experiments. Electrodes were separated under various source voltages and load currents
conditions. After arc occurred, voltage between electrodes and current changes were measured and
experimental results were analyzed.

After the electrode separation, the voltage between electrodes rose instantaneously and the arc
was initiated. Here it was confirmed that the instantaneous increased voltage level was about 10 V
regardless of the source voltage and the load current value. After the electrode separation, the load
current decreased instantaneously. This value was inversely proportional to the supply voltage (Vs)
and proportional to the load current (I1). By applying these characteristics to experimental values, it is
confirmed that the value of dividing the arc initiation threshold voltage by the arc initiation threshold
current is equal to the load resistance (Ry ). Based on this, the voltage—current characteristics and the
correlation of the breaking arc were verified, and the voltage—current equation and DC arc resistance
model for the breaking arc were developed.

The characteristics of vy, iarc and 7,4 of the breaking arc at random point during arc duration
time were analyzed. The variation width of 4. and i, was shown to increase as the arc approached
extinguishing point, and Py, was % of the load power before electrode separation. The increase of 7.
and decrease of i, were accelerated at the point reaching Py, and the arc was rapidly extinguished.

Author Contributions: W.K. carried out the main research tasks and wrote the full manuscript. Y.-J.K. performed
the experiments. H.K. planned and designed the work.

Funding: This work was supported in part by Basic Science Research Program through the National Research
Foundation of Korea (NRF) funded by the Ministry of Education. (Grants No. 2016R1D1A3B01008279).

Acknowledgments: This work was supported in part by Korea Electric Power Corporation (Grants No. R17XA05-46).

Conflicts of Interest: The authors declare no conflict of interest.

Nomenclature

Vs Source voltage,
Iy, Load current,
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Rr

fo
f

Fext

Load resistance,

Separation start time of electrodes,
Arc initiation time,

Arc extinguishing time,

Time between t; and .,y  Arc duration time,

dy Distance when electrodes are connected = 0,

dq Distance between electrodes at t1,

oxt Distance between electrodes at t,y¢,

Vin Arc initiation threshold voltage,

Iy, Arc initiation threshold current,

Vare Instantaneous arc voltage between electrodes,

Lyc Instantaneous arc current,

Tarc Instantaneous arc resistance between electrodes,

Parc Instantaneous arc power between electrodes,

Prmax Maximum arc power.
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