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Abstract: Recently, as DC power generation and DC loads such as renewable energy and EVs increase,
the need for a low-voltage direct current (LVDC) distribution system has gradually emerged. The DC
system has various advantages, such as system stability, transmission efficiency, and connectivity to
renewable power generation compared to AC distribution systems. One of the important technical
issues for commercialization of DC distribution system is safety. Since the DC system does not have a
current zero point, unlike the AC system, a breaking arc accompanied by a high-temperature plasma
is easily generated when the circuit is cut off. The arc can cause fire accidents that threaten people
and facilities. In order to prevent customers and facilities from the accidents caused by the arc in the
DC system, a study on the characteristics of the DC breaking arc is necessary. An important factor of
characteristics for the DC breaking arc fault is an arc extinction distance at which the DC breaking arc
is completely extinguished. There are two major behaviors in DC breaking arc; one is active behavior
where the arc voltage is inversely related with the arc current for a given gap distance, the other
is passive behavior where the arc voltage is negatively proportional to the arc current according
to Kirchhoff’s voltage rule. This paper combines the two arc characteristics together to establish a
DC breaking arc model, and proposes a method to estimate the arc extinction distance. Experiment
results verify the method under various power and load conditions.

Keywords: DC distribution; DC breaking arc; arc extinction distance; DC series arc model

1. Introduction

With the developments of alternative energy technologies to cope with problems such
as depletion of energy resources and climate change due to the use of fossil fuels, the power
generation of renewable energy continues to increase [1,2]. Outputs of power generation
by renewable energy such as wind power or solar power are mostly DC. In the past, the AC
system led the transmission and distribution system due to transmission convenience using
a transformer. Recently, with the development of power electronics technology, HVDC
transmission technology solved the transmission problem of the DC system [3-5]. In case
of power transmission for long distance, HVDC transmission is even more cost-effective
than HVAC. Moreover, DC loads are rapidly increasing; commercial DC loads based on
profitability and economy, household DC loads according to efficiency, and transportation
DC loads such as electric vehicles [6-9]. This increase in DC power and DC load amplifies
the need for DC distribution systems [10-15].

IEEE’s Power Systems Protection Committee (PSPC) introduces the five considerations
for the design of low-voltage direct current (LVDC) distribution systems as: power, load,
standard, economics, and safety. Among the considerations, safety is emphasized as the
most important one [16]. The types of electrical accidents, that hinder the safety of electric
customers are classified as electric shock and arc flash [17]. Electric shock is defined as a
physiological phenomenon caused by the passage of electricity to the human body, which
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causes Heart abnormalities. Standard IEC-60479 indicates that marginal current to trigger
an abnormal heart rhythm, ventricular fibrillation by electric shock is higher in DC than
AC. It means that DC is relatively safer than AC in the event of an electric shock [18].

The other type of electrical accident, arc flash, is defined as the current flowing through
the air when there is not enough insulation or isolation between the electric conductors
to which the voltage is applied, which can cause fatal fire accidents. Standard NFPA
70E defines arc-flash boundary between workers and exposed live conductors to protect
“skilled workers” at the work site [19]. In AC systems, the arc flash vanishes when arc
current becomes zero in every half cycle. In DC systems, the arc flash is sustained until
sufficient separation distance between the conductors for the arc current to be decreased to
zero. It is indicated that marginal current at the same boundary is lower in DC than AC by
NFPA 70E. It means that arc flash in DC conditions is more dangerous than AC conditions.
Therefore, it is very important to ensure the safety against arc flash in DC systems.

Arc flash is classified into two categories, parallel arc and series arc with respect to
current path [20,21]. Parallel arcs are usually caused by short circuit accidents caused by the
insulation failure between live wires. If a parallel arc occurs in a condition where sufficient
separation distance is not secured, the parallel arc current is equal to the short-circuit
current in the installation.

A series arc (or breaking arc) occurs when electrical connections are loosed or when
loads and power are cut off by circuit breakers, connectors, and socket outlets-plug. If a
breaking arc occurs in an environment where sufficient separation distance is not secured,
the breaking arc current is equal to the load current. breaking arcs can occur not only in the
working environment performed by experts, but also in everyday life environments such
as non-experts removing electrical plugs from socket outlets in their homes. Therefore,
to ensure the safety of LVDC distribution systems, studies of breaking arcs occurring in
everyday life environments by ordinary customers are necessary.

Arc model simulation is a good way to better understand arcing phenomena [22].
There are two types of dynamic arc models: physics-mathematical models and pure
mathematical models. Physics-mathematical models describe arc properties by study-
ing and analyzing the physical processes of arcs that are very complex and difficult to
measure [23-27].

A pure mathematical model, or black box model, treats the arc as an electrical compo-
nent. It only describes the input/output relationship between arc voltage and arc current.
Mayr [28] established a black box model at low currents and Cassie [29] at high currents,
which have been extended or improved by many researchers [30-33]. Another example
of a dynamic model that takes into account arc shape in experimental observations is a
study that modeled arc behavior at zero-crossing of AC current, focusing primarily on high
current arcs commonly used in circuit breaker applications [34].

For DC arcs, another type of black box model that considers arc voltage as a function
of arc current and arc length is more suitable. Steinmetz [35] first proposed an active arc
model of generalized arc voltage as a function of arc current and distance between two
electrodes. Later, Nottingham [36] was the first to consider arc voltage as a non-linear
function of arc length. Based on these early studies, various DC arc models have been
developed. Stokes and Oppenlander observed that instantaneous arc power tends to be
more constant than instantaneous arc current or arc voltage [37]. Ammerman developed
a method for determining DC arc current similar to the iterative technique developed
by Fisher for AC arcs. The nonlinear dc arc resistance was derived from the arc power-
current relationship [38,39]. However, the arc depends on the test conditions (e.g., contactor
structure, material and gaseous medium), and these conditions differ significantly in the
proposed model, which limits their application [40,41].

Paukert presented unique parameters for each arc length using data from seven
researchers [42]. Andrea also investigated the static arc characteristics for a constant gap
distance [43].
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Zhang presented a voltage model for high voltage switching, assuming a constant
voltage gradient in the arc and the voltage immediately after contact separation for the
copper electrode at currents between 0.5 A and 10 A, but failed to consider the parameters
for the arc trigger voltage [44]. Ammar et al. [45] presented the behavior of the average
electric field as a function of the current in a rotating contact switch assuming a constant
arc field at low constant currents (<5 A). Hyperbolic arc model was proposed as a dynamic
series arc model using relative per-unit separation distance and hyperbolic function [46].
The hyperbolic arc model approximates the continuity of dynamic series arc, but design
methods for various practical parameters were not suggested. In addition, hyperbolic
arc mode is impossible to estimate the dynamic series arc according to the change of
actual distance.

The authors discovered through an experiment that the voltage that triggers the
arc in the air is about 10 V [47], and presented an arc model that considers the active
characteristics of the arc according to the relative distance between the two electrodes and
the passive characteristics of the arc according to the circuit conditions [48].

There are two major characteristics associated with the safety of DC breaking arcs.
One is the dynamic characteristics of arc voltage and current according to a separation
distance between two electrodes. The other is the final real distance when the breaking arcs
are completely extinguished. This paper analyzes characteristics of breaking arcs occurring
in a pure contact type mechanical DC switch, under various power conditions and load
conditions. Estimation methods for real arc-extinction distance, in which breaking arcs end
completely and DC series arc (breaking arc) model, is proposed and proved by experiments.

2. DC Breaking Arc-Extinction Distance
2.1. Estimation of Arc Extinction Distance

Figure 1 shows a schematic circuit of mechanical DC switch using a pure contact. The
DC breaking arc is caused by opening the two contact electrodes connecting the power
source and the load. In Figure 1, VDC is the DC source voltage, Ry .4 is the load resistance,
Lirc is the arc current, V. is the arc voltage, and la is the separation distance between the
two contacts.

Fixed Moving
contact I3 contact

+ Varc
RLoad

Figure 1. Schematic power circuit with pure contact type DC switch.

To estimate the arc-extinction distance of DC breaking arc, two characteristics should
be considered. One is the active characteristics of the arc according to the distance between
the two electrodes. The other is the passive characteristics of the arc by circuit conditions.
Stainmetz, for the first time, suggested an active arc model of generalized arc voltage
according to arc current and the distance between two electrodes [35].

1
Varc = Vimin + Ka * % 1)
larc™

here, 1, represents the distance between two contacts and k, stands for empirical constant.
Vmin is defined as the minimum arc voltage, which physically refers to the voltage for a
first ionization by a collision between a free electron and a gas atom immediately after the
opening action of the contacts.
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In [47,48], it is experimentally confirmed that the minimum voltage (Vmin) to trigger
the DC breaking arc of copper electrodes in the air is approximately 10 V.

In Figure 1, the passive characteristic voltage equation according to the circuit condi-
tions by the Kirchhoff voltage law is as (2) [47].

Vare = Vb — dare * Rroad )

Stainmetz’s arc equation is useful to establish arc model by combining the passive
characteristic voltage equation. By substituting the Steinmetz arc voltage in (1) to (2), the
arc current equation by the separation distance of the two electrodes can be expressed as
follows [48];

05 ka*la _

Vmin

iarcl'5 - ILoacl(1 RV

0 ®)

)iarc
DC RLoad

Replacing iarc?® with iy, the arc current equation in (3) can be expressed as a 3rd order
equation, as shown in Equation (4).

+ka*la:0 @

. 3
—1 1—
Ix Load ( " Riond
In (4), 1, is the only independent variable. It means three roots of iy is determined
by la.
Vmin 3 Kala 2

D = 4(1uena(1 — ) ~27(522) ©

Equation (5) indicates a discriminant equation for the 3rd order Equation of (4). By (5),
it is confirmed that the root condition of iy is determined by l,.

Figure 2 shows a graph of the root trajectory of the cubic ix equation according to
l, defined by (4). In Figure 2, the independent variable on the horizontal axis is ix. The
vertical axis, f(iy) is defined as (6).

Vmin
Vpe

_ ka x 15
RLoacl

f(ix) = ix3 - ILoad(l - )ix = (6)

When the breaking arc is triggered, the 1, is nearly zero. In this case, (6) can be
expressed as (7).

. . Vinin |-
f(lx) = {1X2 - ILoad(1 - me )}1X =0 ()
DC
kal,
[ ===
oa
Vmin 'y Vnu‘n by
- (l/mm - _R“m—d) (IL,,,,,, - —and> i
/ 0 / '
D>0 I, <l
- / \ / a B ext
D=0 / ln = lexl
D<0 / Lo > loxt

Figure 2. Root condition of iy according to separation distance between both electrodes.

Here, ix has one negative root and two positive roots. If iy has a negative root, the arc
current iyrc would have no physical meaning because it becomes an imaginary number.
The left intersection point of the two real roots of iy is 0, which is physically contradictory
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because the arc current must be zero (iarc = 0). The value of the intersection point on the
right has a physical meaning as described in (8).

Vmin

. . Vi
larc = 1x2 = ILoad(1 - Vbe ) = ILoad — i

RLoad

®)

The value of (8) describes the arc current initiated between the two contacts when the
circuit is broken. Since 1, ~ 0, the value of the discriminant in (5) is positive (D > 0).

In Figure 2, the value of the discriminant continues to be positive (D > 0), when la
increases below lext. It means that the arc sustains just before the separation distance
reaches the arc extinction critical distance lext (la <lext). In this case, ix has one negative root
and two positive real root, where the value of the larger real root has a physical meaning.
It is matched with a physical phenomenon, that the arc current continuously decreases as
the separation distance between the two contacts increases.

In Figure 2, when the discriminant value reaches to 0 (D = 0), the separation distance
between two contacts is located at the boundary point where the arc is extinguished
(la = lext), where ix has one negative root and a double zero root.

In Figure 2, if the discriminant value becomes negative (D < 0), arc does not occur
because the separation distance between the two contacts becomes larger than arc extinction
distance (l, > lext), where iy has one negative root and two imaginary roots. It means
that there are no roots of iy that have a physical meaning. Thus, there is no arc current
(arc terminated).

If the discriminant of (5) is 0, separation distance between both contacts 1, is the same
with arc extinction distance lext, at which the breaking arc is extinguished. lext can be
derived as in (9) through (5).

1 _ 2RLoacl \/ILoad3(1 - Vmin/VDC)3 (9)

ext — ka 27

2.2. Estimation of the Empirical Constant k,

By (9), it is indicated that the arc extinction distance lex; of the DC breaking arc can
be estimated by the load resistance, load current, and power supply voltage. However, in
order to estimate the arc extinction distance lext of the DC breaking arc from (9), the arc
empirical constant k, of the Steinmetz arc voltage equation must be known in (1).

By (9), The derivation equation of k, according to the experimental arc extinction
distance lext_exp is as follows.

ka

2Ry \/ oad®(1 = Vimin/ Vic)®

7 (10)

1ext_ exp

3. Experiment
3.1. Experiment Condition

This paper conducts DC breaking arc experiments under various source voltage
and load power conditions to analyze the characteristics of arc extinction distance in
pure contact type mechanical DC switches. Figure 3 shows an experimental device, as a
prototype mechanical DC switch to demonstrate DC breaking arc. The experimental device
consists of a stepping motor to control the distance and speed of the moving contact in
the DC switch. The separation distance between the two electrodes can be adjusted to
20 um per unit pulse by a stepping motor. The material of each contact is copper and has
a diameter of 5 mm. The DC source voltage is configured by series connections of lead
acid batteries.
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Fixed Moving

o contact\ /contact :
. A Stepping

Motor

N

Figure 3. Experimental device for DC breaking arc.

Table 1 shows the experimental conditions. In this study, DC source voltage conditions
were selected in 10 cases, ranging from 12 V to 400 V. Power conditions is selected in
9 cases, considering that ordinary households is less than or equal to 4 kW. The two contact
electrodes have separation speeds of 80 mm/s and 10 mm/s. The gas medium around the
prototype mechanical DC switch is air, and the maximum separation distance between the
two contacts is 30 mm. The arc behavior is sensitive on the temperature and humidity. The
experiment was done in an air conditioned room where the temperature was controlled
between 24~26 degrees C, and the humidity was controlled between 60~70%.

Table 1. Experimental conditions.

12, 25, 50, 100, 150, 200,

Source voltage [V] 250, 300, 350, 400

Load Power [W] 500, 800, 1k, 2k, 3k, 4k
Separation speed [mm/s] 10, 80
Maximum Separation distance [mm] 30
Gas medium Air
Temperature [C] 24~26
Humidity [%] 60~70

3.2. Experiment Results

In the experiments, arc extinction distance is defined as the separation distance, where
the DC breaking arc between the two contacts ends completely. The distance can be
computed by multiplying the mean arc extinction time and the contact separation speed.
In every experimental condition, five repeated experiments were conducted to ensure
statistical reliability of results.

Figure 4 shows the average arc extinction distance under various source voltage and
load power levels. In Figure 4, the solid line represents the arc extinction distance with a
separation speed of 10 mm/s, and the dashed line represents the arc extinction distance
with a separation speed of 80 mm/s. Here, the marks on the line graph represent load
power level; the mark (O) is for 500 W, the mark (<) is for 800 W, the mark (4) is for 1 kW,
the mark (M) is for 2 kW, the mark (e) is for 3 kW, and the mark (#) is for 4 kW.

From Figure 4, it can be shown that the characteristics for the average arc extinction
distance are greatly different before and after DC supply voltage of 200 V. From Figure 3, it
can be seen that the characteristics of the average extinguishing distance of the blocking
arc vary based on the power supply voltage of 200 V.

When the supply voltage is less than 200 V, the average arc extinction distance is
dependent on the three factors; separation speed, supply voltage, and load power. However,
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when the supply voltage is more than 200 V, the average arc extinction distance is mostly
independent of the separation speed and supply voltage.

100

10

-0-500W(10mm/s) -©-500W(80mm/s)
©-800W(10mm/s) -<-800W(80mm/s)
—+-1kW(10mm/s) -*-1kW(80mm/s)
2kW(10mm/s) * 2kW/(80ms)
~+-3kW(10mm/s) -*-3kW(80ms)
——4kW(10mm/s) -+-4kW(80ms)

Arc extinguishing distance [mm]

0 50 100 150 200 250 300 350 400 450
DC source voltage [V]

Figure 4. Arc extinction distance under breaking arc according to separation speed, source voltage,
and load power conditions.

It can be shown that it is dependent almost only on the load power. Based on the
experimental results in Figure 4, the empirical constant k, of the Steinmetz arc voltage
equation obtained in (10) is analyzed in the next two sub sections.

3.2.1. Source Voltage <200 V

Figure 5 is the empirical constant k, of the Steinmetz arc voltage equation calculated
by (10) based on the experimental results in Figure 4, when the source voltage is under
200 V. In Figure 5, the solid line is the experimental value of the empirical constant k,
with a separation speed of 10 mm/s, the dashed line is the empirical constant k, with a
separation speed of 80 mm/s. Here, the marks on the line graph represent load power
level as; the mark (M) is for 1 kW, the mark () is for 800 W, and the mark (e) is for 500 W.

100000
~=-1kW_10mm/s
90000 —+800W_10mm/s
80000 ~-500W_10mm/s
70000 -=-1kW_80mm/s
-=-800W_80mm/s
60000
-+-500W_80mm/s
22" 50000
40000
30000
20000
10000

0 50 100 150 200 250 300 350 400 450
DC source voltage [V]

Figure 5. Arc empirical constant k, under separation speed, source voltage, and load power levels
(Source voltage < 200 V).

Figure 6 shows average experimental value and estimation curve of arc constant k;
according to source voltage. The mark (M) in Figure 6 is for the average experimental
value of the arc empirical constant k, for the separation speed 10 mm/s, the mark (A) is for
the average experimental value of the arc empirical constant k, for the separation speed
80 mm/s.
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100000
90000
80000
70000

= ka_avg(10mm/s)
4 ka_avg(80mm/s)
----ka_est(10mm/s)

- -ka_est(80mm/s)
60000

22" 50000
40000
30000 \
20000 g

10000 R

0 50 100 150 200 250 300 350 400 450

DC source voltage [V]

Figure 6. Average experimental value and estimation curve of arc empirical constant k, according to
source voltage (Source voltage <200 V).

The dashed line represents the estimated curve of the arc constant k, for the separation
speed of 10 mm/s, and the dash-dot line represents the estimated curve of the arc constant
k, for the separation speed of 80 mm/s.

From the experimental data in Figure 6, the estimation model of the arc constant k, est

according to the supply voltage below 200 V can be derived in the form of a polynomial
function as Equation (11).

2.37-10"vgep +4.9-10
l<a_est =

-+ 10000

= (11)
(Ve + (1.157vgep + 11.57))

Here, vsep means the separation speed.
3.2.2. Source Voltage > 200 V

Figure 7 is the empirical constant k;, calculated by (10) based on the experimental
results in Figure 4 when the source voltage is over 200 V. In Figure 7, the solid line in is the
experimental value of the empirical constant k, for the separation speed of 10 mm/s, the
dashed line is the experimental value of the empirical constant ka for the separation speed

of 80 mm/s. Here, the marks on the line graph represent load power level; the mark (O) is
for 500 W, the mark (<) is for 800 W, the mark (A) is for 1 kW, the mark (H) is for 2 kW, the
mark (e) is for 3 kW, and the mark (#) is for 4 kW. Figure 7 shows that, when the supply
voltage is more than 200 V, the experimental value of the empirical constant ka is mostly

independent of the separation speed and supply voltage. It is almost dependent only on
the load power level.

25000 ~+-4kW(10mm/s)

+-3kW(10mm/s)
20000 2kW(10mm/s)
—+—1kW(10mm/s)
800W(10mm/s)
-0-500W(10mm/s)
-+-4kW(80mm/s)
10000 -*-3kW(80mm/s)
2kW(80mm/s)
-#-1kW(80mm/s)
800W(80mm/s)
-0-500W(80mm/s)

15000

5000

0

0 50 100 150 200 250 300 350 400 450

DC source voltage [V]

Figure 7. Arc empirical constant k, under separation speed, source voltage, and load power levels
(Source voltage > 200 V).
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Figure 8 shows the average experimental value and estimation curve of the arc constant
ka according to the load power level under the condition that the power supply voltage is
higher than 200 V. In Figure 8, the mark (M) is for the average experimental value of the arc
constant k; for the separation speed 10 mm/s, the mark (A) is for the average experimental
value of the arc constant k, for the separation speed 80 mm/s, and the dashed line is the
estimated curve of the arc constant k, according to the load power level.

25000
® ka_avg(10mm/s)

A ka_avg(80mm/s)
20000  -~--ka_est

15000 o peer™TT
10000
5000

0
0 500 1000 1500 2000 2500 3000 3500 4000 4500

Load power [W]

Figure 8. Average experimental value and estimation curve of arc empirical constant k, according to
load power level (Source voltage > 200 V).

In Figure 8, the arc constant k, can be assumed to be a linear equation according to
the load power. Thus, the estimation model of the arc constant k, according to the load
power under the supply voltage of 200 V or higher can be expressed as follows.

Ka est = 2.03-Ppo,q + 12147 (12)

It means that by applying the arc constant k, estimation models (11) and (12) to (9),
the extinction distance of the breaking arc can be accurately estimated under various power
supply voltage conditions and load conditions.

3.3. Verification of Estimated Arc Constant k;_est
3.3.1. Source Voltage <200 V

Figure 9 shows the experimental arc extinction distance curve and estimation curve
that occur under the condition that the supply voltage is less than 200 V. In Figure 9, the
marks on the line graph represent load power level; the mark (M) is for 1 kW, the mark (A)
is for 800 W, the mark (e) is for 500 W, the solid line shows the experimental arc extinction
distance curve, and the dashed line shows the estimated arc extinction distance curve.
Figure 9a shows the experimental values and estimation curves of arc extinction distance
under conditions of separation speed of 80 mm/s. The average error rate for the proposed
estimation method by (11) is 4.17% under the condition of power supply voltage of less
than 200 V and separation speed of 80 mm/s.

Figure 9b shows the experimental values and estimation curves of arc extinction
distance under conditions of separation speed of 10 mm/s. The average error rate of the
proposed estimation method by (11) is 8% under the conditions of power supply voltage of
less than 200 V and separation speed of 10 mm/s. As the results, it can be confirmed that
the proposed method accurately estimates the extinction distance of the breaking arc with
an error rate within 10% on average under the condition of power voltage less than 200 V
and load power of 500 W~1 kW.
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Figure 9. Arc extinction distance experimental value curve and estimated curve: Power supply
voltage less than 200 V.

3.3.2. Source Voltage > 200 V

Figure 10 shows the experimental arc extinction distance curve and estimation curve
occurring under the condition that DC supply voltage is higher than 200 V. In Figure 10,
the marks on the line graph represent load power level; the mark (O) is for 500 W, the mark
(<) is for 800 W, the mark (A) is for 1 kW, the mark (H) is for 2 kW, the mark (e) is for
3 kW, the mark (#) is for 4 kW, the solid line shows the experimental extinction distance
curve, and the dashed line shows the estimated extinction distance curve. Figure 10a
shows the experimental arc extinction distance curve and estimation curve occurring under
the condition of separation speed of 80 mm/s. The average error rate of the proposed
estimation method by (12) is 5.34% under the conditions of power supply voltage of 200 V
or higher and separation speed of 80 mm/s.

Figure 10b shows the experimental arc extinction distance curve and estimation curve
that occur under the condition of separation speed of 80 mm/s. The average error rate
of the proposed estimation method by (12) is 5.8% under the conditions of power supply
voltage of 200 V or higher and separation speed of 10 mm/s. It is verified that the proposed
method can accurately estimate the extinction distance of breaking arc under various power
voltage and load power conditions.
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Figure 10. Arc extinction distance experimental value curve and estimated curve: Power supply
voltage equal or larger than 200 V.

4. LVDC Series Arc Model
4.1. Arc Current Model

The current model of the series arc generated in LVDC systems when the power and
load are cut off was proposed by the author as follows [47,48].

la(t) = Vsep-t (13)
. Ksustai 2,
fare (t) = Troad — Vinit/Rioad — %t:_m'la(t) — Ipetosi ® (14)
.01

Equation (13) means the separation distance when an electrode moves at a constant
speed for t seconds. Equation (14) shows the proposed series arc current model according
to the separation distance of two electrodes that change with time. In (14), Vini denotes the
triggering voltage of the series arc due to ionization of a single electron immediately after
the separation operation of the electrode, and its magnitude is about 10 V at the copper
contact points in the air. Kgygtain is the proportionality constant of the linear equation
according to the separation distance 1,(t) of the two electrodes. Ij is the saturation current.
« is the arc extinction coefficient of the exponential equation for the separation distance
la(t) of the two electrodes. Ly 5; is the separation distance of the two electrodes where the
arc current is 50% of the rated load current. The formula for calculating each coefficient is
derived as follows.

Vinit ) (1 —2Vinit/ Vpe)

Ricad” g, [20-Vie/Voe)®
27

Ksustain = (ILoad /2 — (15)
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141/ 20-Vinit/Vpe)®

27
o [Inlaq — In 2Ksustain{m —1}] (16)

141/ 20-Vinit/Vpe)®
27

(1-2Vinit/Vpe)

-1

3
11/ 21=Vinit/VDC)
27

Iy = IL;ad e*“‘(lfzvmit/ch) (17)
Los: — RLoadILoacl(l — 2Vir1it/VDC) VILoad /2 18
051 = 2k, (18)

In (18), k, is the empirical constant of the Steinmetz arc voltage Equation in (1). It
means that the arc constant estimation model of this paper can be applied to the proposed
breaking arc model.

4.2. Arc Voltage Model

The series arc voltage equation for resistive load conditions according to the breaking
arc current model proposed in this paper is as follows.

Varc_model(t) = VDC - RLoadiarc_model (t)

) ]t (19)
= VbC — Rioad (ILoad — Vinit/Rioad — ~1280 1o (t) — IpeTos )

Figure 11 shows the series arc current and voltage waveforms in experiment and
estimation by the proposed series arc model under equal power and load conditions. In
Figure 11, the left y-axis is the arc current, the right y-axis is the arc voltage, the solid line is
the experimental breaking arc current, the dotted line is the estimated breaking arc current,
the dashed line is the experimental breaking arc voltage, and the dash-dot line is estimated
breaking arc voltage.

In Figure 11, the average estimation error rate of the breaking arc model is 6.72%. It
proves that it is possible to reasonably estimate the series arc dynamics of the resistive
load condition in LVDC systems according to the change of the separation time (or the
separation distance) by the proposed series arc model.

12 480
— i_arc_exp

----- i_arc_est

10 | = 400
— == v_arc_exp . [
g 0 ! -
w— T ed J 00 .= v_arc_est oy
DB e b 320 3
':f ............ 3':
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o ©
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0

Figure 11. Series arc current/voltage waveform: separation speed 80 mm/s, power supply voltage
400V, load power 4 kW.

5. Conclusions

In this paper, by analyzing the intersection characteristics of the active characteristic
curve by Steinmetz and the passive characteristic curve by the circuit condition, a dis-
criminant equation was established to analyze the state of the series (or breaking) arc. By
estimating the empirical constant in the Steinmetz arc voltage equation from arc state anal-
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yses and experiments, a method to estimate the arc extinction distance of the DC series arc
was proposed. As a result, it was verified that the proposed estimation method estimates
accurately the arc extinction distance of the DC series arc within an error range of about
10% under various power voltage and load power conditions. Moreover, it was proved
that DC series-arc dynamic model in time-variant separation distance of two electrodes can
be analyzed accurately by applying the series-arc current model proposed by the author,
and a method to estimate the empirical constant of the Steinmetz arc voltage equation in
this paper.

Protective devices like circuit breakers and fuses are always exposed to the breaking
arc due to the continuous repetition of the electrical connect and disconnect. The protective
device itself may be exposed to the arc failure if it fails to properly remove the arc and break
the current. Even worse, this failure causes fire due to high heat and imposes massive
damage to people and properties. Therefore, it is important to know the minimum gap
distance where circuit breakers or fuses are not exposed to arc faults.

Electrical connectors and accessories, particularly socket outlets and plugs, may
generate breaking arc flash during the disengagement operation even under normal ma-
nipulation and cause severe damage to the user due to the high temperature from the arc
fault. Poor contact or a loosened joint can cause electrical fires due to the high temperature
from the arc. Therefore, the technical development and guideline are required to analyze
the arc generation-extinction mechanism for the devices, to prevent the sustained arc and
provide arc-safe operation condition.

The houses or buildings are exposed to the risk of fire if the arc is generated by
the broken wire damaged from aged premises wiring or improper installation work. In
particular, the arc accident is a serious risk factor in the invisible place. Research indicates
that the DC arc have longer duration, stronger and are more difficult to detect than the
AC arc. Basic research on the DC series arc phenomenon is important to cope with arc
fault accident.
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