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ABSTRACT This study analyzes the recovery voltage changes when a low-voltage circuit breaker opens with
load and short-circuit faults and explains the reignition types under different recovery voltages. Reignition
probability models of a single-pole contact and three-pole contact under different reignition types are
established. The variation law of the contact erosion amount with the arc starting phase angle is analyzed.
The distribution characteristics of the electrical life under three reignition types are obtained by simulating
the low-voltage circuit breaker electrical life with a random arc starting phase angle. The results show that the
electrical life of contacts obviously decreases after reignition, and that the electrical life changes differently
with different reignition types. Specifically, the electrical life of a single-pole contact and three-pole contact
is reduced by different degrees for the same reignition type. Hence, the influence of reignition on the electrical
life distribution characteristics of a low-voltage circuit breaker cannot be ignored.

INDEX TERMS Electrical life distribution, low-voltage circuit breaker, recovery voltage, reignition proba-

bility model.

I. INTRODUCTION

Low-voltage circuit breakers are a protective electrical appli-
ance widely used in low-voltage distributions. It can turn on,
bear, break rated current under normal running conditions,
and bear and break the overloaded current within a stipu-
lated time. The electrical life index of a low-voltage circuit
breaker is related to the reliability and stability of distributed
power lines. The study of the electrical life distribution of a
low-voltage circuit breaker is the foundation of the power dis-
tribution reliability evaluation. Low-voltage circuit breakers
are widely used in power distributions. For the analysis of
its running state and performance, a clear understanding and
judgment of the low-voltage circuit breakers’ life distribution
is needed [1]-[3].

The electrical life of a low-voltage circuit breaker mainly
depends on arc erosion during interruption. When arc ero-
sion reaches a certain extent, the electric contact state and
arc extinguishing reliability are affected [4]-[6]. The switch
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apparatus electrical life calculation methods include the accu-
mulative arc energy method, relative electric wear method,
and weighting breaking current accumulation method [7], [8].

The performance degradation and state evaluation of low-
voltage circuit breaker contacts are also an essential part
of electrical life research. In [9], the normal distribution
variable is constructed by the erosion loss segmenting accu-
mulation. The Wiener process is used to predict the con-
tact performance degradation curve of low-voltage electrical
appliances. In addition, the contact resistance method is pro-
posed. Some scholars take contact resistance as the research
object, establish the electrical contact failure model, and
judge the contacts’ electrical performance through contact
resistance [10], [11]. In research on the state evaluation of
the circuit breaker electrical life, with intelligent sensors and
monitoring equipment, the circuit breaker running state is
quantitatively evaluated by analyzing its on-site monitoring
signals [12]. Then, we can perform fault analysis and mainte-
nance priority based on a time series to monitor the running
status of low-voltage circuit breakers in real time. In [13],
an online test for arc energy is proposed. It can measure the
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arc voltage and transient recovery voltage accurately, and the
arc current is obtained through a current transformer. Finally,
the contact life of the circuit breaker is evaluated using arc
energy.

In contact erosion, the Mayr model of arc plasma between
contacts is proposed under AC conditions [14]. The arc
parameters are estimated by nonlinear curve fitting, and the
correspondence between each parameter and the arc is ana-
lyzed, which can describe the arcing more accurately. In [15],
an air arcing simulation model of the low-voltage circuit
breaker is established using the ANSYS CFX software. The
influence of the current and arc starting point on the arc
movement of the low-voltage circuit breaker is analyzed. The
model is verified by high-speed cameras. In [16], some arc
erosion characteristic parameters of the contact surface are
explored, such as macromorphology, micromorphology, and
microstructure, with a 3-D profiler and scanning electron
microscope. The arc formation and erosion mechanism of the
Ag/CdO contact material are discussed.

Reliability research on low-voltage circuit breakers mainly
focuses on arc erosion and contact performance degrada-
tion. However, in low-voltage power distribution, people are
further concerned about the life distribution of low-voltage
circuit breakers because it relates to the running and main-
tenance policy adjustment. It is also aimed at the over-
all understanding of the distribution line reliability. During
the interruption, there is an arc between low-voltage circuit
breaker contacts, which causes contact wear because of arc
erosion [17], [18]. The arcing time and arc current are the
major factors of arc erosion. In traditional research on the
electrical life of a low-voltage circuit breaker, it is considered
that the arc is extinguished at the AC current zero-crossing.
The electrical life distribution characteristics are then ana-
lyzed by the accumulative arc energy method [13], [19].
Due to the existence of overvoltage, there is a certain prob-
ability that the arc reignites. Many scholars have studied
the arc characteristics and reignition mechanism of circuit
breakers [20]-[22]. However, the relationship between arc
reignition and the electrical life distribution characteristics
of low-voltage circuit breakers has been neglected. Before
low-voltage circuit breakers leave the factory, the manufac-
turer carries out the life test on them. Nevertheless, it is lim-
ited to testing under a single load condition. The arc reignition
situation changes with load conditions and line parameters.
Then, the arc erosion on contacts increases. At this time,
we need to reassess the low-voltage circuit breaker electrical
life [23], [24]. Therefore, it is necessary to establish the
reignition probability model of a low-voltage circuit breaker
and analyze the electrical life distribution characteristics con-
sidering the reignition.

This paper starts from the elementary solution of a lin-
ear circuit and analyzes the reignition types under differ-
ent recovery voltages with the help of the hypothesis of
breakdown probability. Then, we establish the reignition
probability model and introduce the concept of the minimum
reignition phase angle. It can help to judge electrical life
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distribution more accurately under different grid parameters.
Simultaneously, we analyze the variation law of contact ero-
sion with arc starting phase angle (ASPA) when reignition
occurs. We obtain the electrical life distribution character-
istics of single-pole and three-pole contacts under different
working conditions by Monte Carlo simulation. The results
show that, compared with the traditional method, the arc
erosion model considering reignition improves the accuracy
of life assessment under different loads and running con-
ditions. The research results provide theoretical support for
reliability assessment and maintenance policy adjustment of
the low-voltage circuit breaker.

Il. REIGNITION PROBABILITY MODEL OF THE
LOW-VOLTAGE CIRCUIT BREAKER

The primary condition for gap breakdown and arc reignition
of the low-voltage circuit breaker is that the voltage between
contacts reaches the critical voltage. The electron density in
the contact gap (refers to the distance between contacts at the
current zero-crossing) reaches a specific value to meet the dis-
charge conditions. Therefore, the low-voltage circuit breaker
reignition is related to the recovery voltage, gap distance, and
dielectric state between contacts.

The ASPA of the low-voltage circuit breaker is random
during the interruption, and the size of the contact gap (when
the current crosses zero) varies with the ASPA. We can
describe the reignition probability of a low-voltage circuit
breaker under different running conditions by analyzing the
recovery voltage waveform. Furthermore, the arc erosion
laws under different reignition probabilities are analyzed, and
the influence of reignition on the electrical life distribution
characteristics of low-voltage circuit breakers is obtained.
The amplitude and waveform of the recovery voltage are
different under different load and line parameters, breaking
with load or short-circuit faults.

A. RECOVERY VOLTAGE WAVEFORM OF LOW-VOLTAGE
CIRCUIT BREAKER

The equivalent circuit diagram of a typical low-voltage circuit
breaker breaking load circuit is shown in Fig. 1. Ry, L1, Cy
are the equivalent resistance, inductance, and capacitance,
respectively, on the power supply side, and on the load side,
Ry, Ly, and C;.

The load circuit is disconnected, and the voltages at both
ends of C| and C; are uc| and ucy. The recovery voltage
at both ends of the low-voltage circuit breaker contacts is
described as u, = uc; — ucz. When a short-circuit fault
occurs on the load side (C», Ly, R»), the circuit breaker recov-
ery voltage is equal to the voltage of Cy, that is, u, = uci.

The recovery voltage is composed of two parts: the power
frequency component and the transient component. Accord-
ing to the different R,, Ly, and C», there are two kinds of
recovery voltage waveforms: an exponential waveform and
an oscillating waveform. Fig. 2 is a schematic diagram of the
recovery voltage waveform of the low-voltage circuit.
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FIGURE 1. Equivalent circuit of the low-voltage circuit breaker breaking
load circuit.
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FIGURE 2. Schematic diagram of the recovery voltage waveform.

According to [25], there are two kinds of breakdowns:
instantaneous reignition and delayed reignition. For the for-
mer, the arc reignites immediately after the current zero-
crossing, while for the latter, the reignition takes place a
specific period after the current zero-crossing. For an air
circuit breaker with a low voltage level, it is mainly an instan-
taneous breakdown. That is, the breakdown occurs at the early
stage of contact separation. At this time, the contact breaks
instantly, and the metal on the contact surface melts and
forms a liquid metal bridge. With increasing current density,
metal vapor enters the contact gap. Then, under the external
voltage, the gas molecules are heated, and the air is ionized.
At the initial stage of contact separation, the temperature
and particle concentration remain in a particular range. The
external voltage intensity and contact gap play a dominant
role in the reignition. In addition, the contact material also
affects the reignition of the low-voltage circuit breaker. This
paper mainly analyzes the same low-voltage circuit breakers,
and the influence of contact materials on reignition can be
considered fixed.

In Fig. 2, Uy is the static breakdown voltage. If Uy con-
tinually acts on the contact gap, gap breakdown occurs; Uy,
is the peak recovery voltage; Uy, is the instantaneous value
of the power supply voltage at both ends of the contact;
t;, is the total time that the recovery voltage is higher than
the gap breakdown voltage. For exponential recovery voltage,
the circuit breaker reignition is only related to Uy, and Up.
When Uy, < U, the recovery voltage is always less than
the contact gap dielectric strength. The arc is extinguished
at the zero-crossing. When Uy, > Up, the dielectric strength
of the contact gap cannot withstand the action of the recovery
voltage, which leads to circuit breaker reignition. Its proba-
bility is fixed at 1.
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For a voltage waveform with oscillation characteristics,
the recovery voltage is not always higher than the gap break-
down voltage. The discharge time lag (the time needed from
electron generation to gap breakdown completion) of gap
breakdown should be considered in analyzing the low-voltage
circuit breaker reignition. When Uy, < Up < Upy, if 13,
is greater than the discharge time lag, the discharge con-
ditions can be met. The form of gas discharge transitions
from glow discharge to arc discharge. Then, gap breakdown
is completed, and the circuit breaker ignites again. If #;, is
less than the discharge time lag, the discharge process cannot
be completed, the recovery voltage drops below Uy, and the
arc is extinguished. The discharge time lag value is random.
It usually follows a normal distribution, so the reignition
probability is not 1 but varies with the contact gap and the
recovery voltage.

When U,,, > Uy, the low-voltage circuit breaker reigni-
tion is similar to the previous reignition that appears in the
exponential waveform, and the reignition probability is fixed
at 1.

According to the air gap discharge characteristics [26], [27],
there is a complex multidimensional nonlinear relation-
ship between gap breakdown and various factors, such as
the contact structure, voltage waveform, and atmospheric
environment. However, when the voltage waveform and
environmental features of the same gap remain unchanged,
the breakdown voltage distribution remains in a particular
range. During the interruption of the low-voltage circuit
breaker, the contact gap itself changes. The breakdown
voltage under these conditions depends on the contact gap,
contact material, and current zero-crossing condition (current
intensity, temperature). This paper assumes that the manu-
facturing errors and contact structure of the same batch of
products can be ignored. When the running environment is
constant, the contact gap breakdown voltage distribution is
determined.

B. REIGNITION PROBABILITY MODEL BASED ON ASPA
Under different recovery voltages, the reignition probability
model must first be established to analyze the reignition
characteristics and their influence on the low-voltage circuit
breaker electrical life under different running conditions.
It is difficult to measure the contact gap of the low-voltage
circuit breaker online. The information directly related to
the low-voltage circuit breaker electrical life (such as arcing
time) cannot be reflected through the contact gap. There-
fore, it is necessary to use other characteristic parameters
to describe the low-voltage circuit breaker reignition more
concisely.

The ASPA is the current phase angle at the moment of arc-
ing, which judges the circuit breaker breaking time. Its range
is [0, r]. Depending on the ASPA, the contact gap is different
at the zero-crossing current, and the breakdown voltage is also
different. The larger the ASPA is, the smaller the contact gap
is, and at the current zero-crossing, the smaller the breakdown
voltage required for air breakdown is. It is assumed that the
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recovery voltage is constant for the same type of low-voltage
circuit breaker when the arc is extinguished. When ASPA is
larger than a specific value, the breakdown voltage is less than
the recovery voltage, and arc reignition occurs. Therefore,
we can establish the corresponding relationship between the
starting phase angle and the reignition.

The circuit breaker interruption meets two preconditions.
First, there is a uniform electric field between the circuit
breaker contacts, and the air medium meets the breakdown
condition of Paschen’s law [27]. Second, when the gap
changes little, the breakdown voltage has a linear relationship
with the gap distance [28]. According to the different recov-
ery voltages, the low-voltage circuit breaker reignition can be
divided into the following:

Case 1: the recovery voltage rises exponentially. There
is a phase angle ¢;. When the ASPA is greater than ¢,
the low-voltage circuit breaker reignites, and the reignition
probability is 1. When the ASPA is less than ¢, the arc of
the low-voltage circuit breaker is extinguished at the zero-
crossing, and no reignition occurs. We call ¢| the minimum
reignition phase angle (MRPA).

Case 2: the recovery voltage oscillates. The peak recovery
voltage is greater than the instantaneous value of the power
supply voltage, which can theoretically be up to 2Up,. The
breakdown gap is larger than in case 1. There are phase angles
@1 and ¢y (g2 < ¢1). If the ASPA is less than ¢, the arc
of the low-voltage circuit breaker is extinguished at the zero-
crossing, and no reignition occurs. If the ASPA is greater than
@1, the arc reignites, and the reignition probability is 1, which
is the same as in case 1. If ASPA is in [¢2, ¢1], the reig-
nition probability increases as ASPA increases. At present,
the Weibull distribution is usually used for statistical analysis
of breakdown voltage. When the interval between ¢, and ¢ is
not large, the reignition probability increases approximately
linearly with the ASPA [28]. We call ¢; the critical reignition
phase angle (CRPA).

To analyze the reignition rule of low-voltage circuit break-
ers under different conditions more intuitively, we calculate
the reignition probability formula of single-pole contact and
three-pole contact and draw the reignition probability change
curve. The reignition probability of the single-pole contact is
given in equations (1) and (2).

Case 1:
L, ¢e€lp,m)
Pr = 1
F 0, others M
Case 2:
I, ¢ €lg1,m)
Y — ¢
Ps = . @ €le2, 01) )
Y1 — Q2
0, others

For well-designed low-voltage circuit breakers, the dielec-
tric strength recovery speed should comply with the specified
requirements and quickly ensure that the contact gap returns
to the insulation state [29], [30]. Therefore, the MRPA and
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FIGURE 3. Reignition probability of single-pole contact.

CRPA for single-pole and three-pole contacts are not too
small. In this paper, taking ¢, and @1 €(27/3, ) as an exam-
ple, the impact of reignition on electrical life is illustrated.
The variation law of the reignition probability of single-pole
contact with ASPA is shown in Fig. 3.

For a three-phase circuit, we need to consider the role of the
neutral line. The neutral line is a wire drawn from the neutral
point N of a three-phase winding with a Y connection. When
the neutral line exists (three-phase four-wire system), the load
phase voltage is symmetrical and always equal to the power
supply phase voltage. The purpose is to make each phase load
independent of the others. When one phase is disconnected,
the other two phases’ load is not affected. If three-phase
load balancing (such as the three-phase electric furnace and
three-phase motor) occurs, the three-phase three-wire system
can meet the power supply requirements, and no neutral
line is needed at this time. The three-phase three-wire sys-
tem is cost-saving and straightforward and is usually used
in transmission and substation. The two connection modes
need to be determined according to actual conditions. For
the connection with neutral lines, one phase current of the
three-phase circuit crosses zero, which does not affect the
other two-phase circuit. For the connection with no neutral
line, one phase current of the circuit is zero, and the other
two-phase currents are changed.

The phase difference of the three-phase current is 27/3,
and the reignition probability of the three-pole contact is
different from that of the single-pole contact. The reignition
of each phase interval of different ASPAs should be ana-
lyzed separately. When ¢2, ¢1 €(27/3, 7), the low-voltage
circuit breaker has a single-phase reignition, and the
three-pole contact reignition probability formulas are as
follows:

Case I:
1, oA €lp1,m)
Ppa = 3
FA 0, others )
| cl T 27r)
Ppg=1{  YASWIT3F 4)
0, others
1 cl 21 n)
Pre={" AT 33 )
0, others
91503
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Case 2:
1, oA € [¢1, 1)
PA — Q2
Psp = » ¢A € o2, 01) (6)
Y1 — @2
0, others
| cl T 271)
(, /3) PA @1 33
= J(pa+Tm — T T
Pss HaT R "8 onclpr— = o —2) D
o1 — ¢ 3 3
0, others
2n
I, </)A€[<P1—?»§)
— J(pa+27/3)— ¢ 27 27
Psc / . PAEle2— =, 01— =)
01— 3 3
0, others
(®)

The variation law of the reignition probability of three-pole
contact with ASPA is shown in Fig. 3. The reignition prob-
ability curve is divided into six intervals, which are marked
X1-X6 and Y1-Ye. In X3, X4, and Xg, reignition occurs, and
there is no reignition in X1, X3, and Xs. This is the same as
in case 2.

lll. ARC EROSION MODEL OF THE LOW-VOLTAGE
CIRCUIT BREAKER WITH REIGNITION PROBABILITY

A. ARC EROSION MODEL OF SINGLE-POLE CONTACT
When the switch’s contact is separated, an arc appears
between the contacts. The arc energy effect on contact is
instantaneous and concentrated, and material evaporation and
splash erosion occur on the contact surface, which affects the
contact performance. Arc erosion shortens the electrical life
of the switchgear. The mass loss of contact caused by arc ero-
sion has a specific corresponding relationship with operation
times, current, charge, arc energy, 21t [9],[31], [32]. In com-
bination with the conclusion of [8], i2¢ can more accurately
describe the impact of arc erosion on contacts in switchgear
with a higher number of operations. This paper mainly ana-
lyzes the macrodistribution characteristics of electrical life on
a low-voltage circuit breaker after reignition. Additionally,
the same contact type can withstand the same contact erosion
amount (CEA) [7], [33]. Therefore, we selected i*¢ as the
basic formula for calculating arc erosion.

For single-pole contact, when the low-voltage circuit
breaker is reignited or not, the circuit current changes with
the ASPA, as shown in Fig. 5.

When there is no reignition, the CEA caused by the break-
ing arc can be calculated by equation (9):

al? 1.
g=— |7 —9o+=sin2¢ ), ¢<c[0,7) )
0] 2
where ¢ is the CEA without reignition; « is the erosion factor
related to the contact material and structure of the low-voltage
circuit breaker; / is the effective value of the load current; and
o is the angular frequency of the AC power supply.
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FIGURE 5. Circuit current variation law of single-pole contact.

Considering the influence of reignition on electrical life,
the CEA can be calculated by equations (10) and (11):

al? 1 . amrl?

gr = — JT—<.0+ESIH2<.0 + P - ,
v e[0,m) (10)
al? 1 . axl?

qgs = — n—<p+§sm2<p + Pg - ,
pel0,m) (1)

where gr and gs are the CEAs for case 1 and case 2,
respectively.

This paper describes the relationship between the CEA
and the ASPA using the per-unit value of CEA g/(aI?). The
change law of g/(aI?) with ASPA is shown in Fig. 6.

Fig. 6 shows that the CEA of the single-pole contact
changes continuously and decreases with increasing ASPA
when there is no reignition. In case 1, the CEA is discontinu-
ous at ¢1, the maximum CEA appears in the interval [¢q, 7],
and there is the same CEA in other intervals compared with no
reignition. In case 2, the CEA increases linearly in [¢2, ¢2],
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FIGURE 7. Circuit current variation law of three-pole contact.

the minimum CEA appears at ¢,, and there is the same CEA
in other intervals compared with case 1.

B. ARC EROSION MODEL OF THREE-POLE CONTACT

In the three-phase power supply, when the neutral point of
the three-phase load is connected with the neutral point of
the power supply, each phase circuit’s arcing time is the
same as the case of the single-pole contact. The CEA can
be calculated according to the condition of the single-pole
contact. The electrical life of the low-voltage circuit breaker
is determined by the contact with the most severe arc erosion.
When there is no connection between the power supply and
the three-phase load, the circuit topology changes once the arc
of one phase extinguishes. The order of arc extinction should
be considered when calculating the CEA. This paper mainly
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discusses the CEA of a three-pole contact when there is no
connection between the power supply and the three-phase
load. When the arc is normally extinguished, the variation
law of the three-pole contact current with the ASPA is shown
in Fig. 7 [8].

According to the current zero-crossing, the ASPA of the
three-pole contact is divided into three intervals with /3.
In Fig. 7(b)-7(d), the two vertical dotted lines represent the
arc starting time and arc extinguishing time of the first phase
going through the current zero-crossing. The current dotted
line represents the change in the current waveform when the
contacts are not disconnected.

It is assumed that the second current zero-crossing phase
does not reignite. The first arc-starting phase and each phase’s
arcing time changes after reignition. The variation law of the
first arc-starting phase and the arcing time is shown in Table 1.

Taking ¢; and ¢ €[27/3, m) as an example,
the three-phase current varies with ASPA, as shown in Fig. 8.

When the arcing time changes, the current also changes.
For example, the phase A arc is extinguished first when
there is no reignition in (27/3, ), the effective value of

the phase B and C currents change to /,/3 / 2, and then the
phase B and C arcs extinguish simultaneously.

When there is reignition, phase A’s arcing time increases,
and the effective value of the phase A current is / before the
zero crossings of the phase C current. The effective value

of the phase A current changes to /,/3 / 2 after the phase C
arc is extinguished. Phase B and C currents change similarly,
so they should be considered to calculate arc erosion.

When there is no reignition, a specific phase of the three-
pole contact extinguishes first, and then the other two phases
extinguish at the same time after T/4. The CEA of phase A
can be obtained by equation (12).

al> (7 1 V3 3w
—(——§0A+—sm2(pA——+—>,

w 3 2 4 8
oA €10,7/3)
al? (27 1. V3 3w
=10 ?“”“5“““*7*?)%1%

oA € [7 /3,27 /3)
1
— <7r—<pA+—sin 2(pA>,
w 2
QA € [271/3,71)

The CEA of phase A in [0, 7/3) is recorded as gao; when
there is no reignition. Similarly, they are defined as ga; and
gaz in [t/3, 27/3) and [27/3, ).

To compare the difference and relationship of the CEA
more intuitively, when reignition occurs or not, the CEA
is expressed by gax (k = 1, 2, 3), which has the same
calculation value as equation (12).

Fig. 4 shows that [0, ] can be divided into six intervals,
X1-Xe and Y1-Yg, according to the different reignition types.
When calculating the CEAs, each phase’s change in reigni-
tion probability in different intervals should be considered.
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TABLE 1. Variation in the first arc-starting phase and the arcing time.

First

extinguishing-phase Arcing time

A phase +T/6
0<pa<n/3 B B phase -T/12
C phase +5T/12

A phase -T/12
n/3<pA<2m/3 A B phase +5T/12
C phase +T/6

A phase +5T/12
2n/3<pa<n C B phase +T/6

C phase -T/12

«

“+” means the arcing time increases, “-”” means the arcing time
decreases, and 7'is the period of the power-frequency current.

Three-phase current
=)

Three-phase current
[}

| ) I
0 w3 2n/3 m 4n/3 5n/3 0 w3 2n/3 =m 4n/3 57/3

@ (rad) @ (rad)
(a) 0<pa<n/3 (b) m/3<pa<2m/3
= -l = =1
5 2 \
(’5: \ |
2 \\ il :
2o 1
5 N | |
é PN |
I I

0 w/32n/3 n 4n/35n/3 2n
@ (rad)
(c) 2n/3<pa<n

FIGURE 8. Circuit current variation law of three-pole contact with
reignition.

In case 1 and case 2, the CEA of phase A can be calculated
by equations (13) and (14):

Case 1:
al? T \/§
gar+—— Prc | 7+ — |
w 3 2
pa €10,7/3)
al? r 3 37
- .p — -,
g = {12t B T (13)
oA € [ /3,27 /3)
al? T \/§ 3
_—_.p R I
qa3 + > FA | 3 n + R
oA € [27 /3, )
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qrA qrB qrc
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[’}

o)}

[Z
1/
_/

.
/|

g/(aP)(10”pu)

2n/3
¢1-21/3 ¢-1/3 T
¢a (rad)
(b) Case 1
12t qsa qsB gsc —
10
Z38
S
<6
"3 i
= 4 | |
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N | | |
0 q;l—?n/S | @i-m/3 @
0 ¢,-27/3 @,-1/3 02 T
@ (rad)
(c) Case 2

FIGURE 9. Variation law of q/(«/2) of three-pole contact.

Case 2:
Ll (243
IN] p sc\3 > |
pa €10,7/3)
2 \/5 3
T T
I ) -
gsa = qa2 + > SB | 3 1 3
oa €[ /3,27 /3)
al? 7 3 3w
- .p 7,
qAa3 + > SA 3 1 + 2

oA €27 /3, 7)

’

According to the mathematical model of CEA of the
three-pole contact under different reignition types, the change
law of g/(al 2) with the ASPA for three-pole contact is shown

in Fig. 9.
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Derived by equation (13), there is the same calculation
equation in intervals X, and X3 and the same as in X4 and
Xs. Therefore, the CEA curve of the three-pole contact is
divided into four parts, as shown in Fig. 9 (b). In case 2,
the CEA curve changes continuously and can be divided into
six parts, as shown in Fig. 9 (c), and the CEA is the same
as that without reignition in Yy, Y3, and Ys. In addition,
in both cases, the CEA’s maximum value is greater than that
of the CEA without reignition. Therefore, the influence of
reignition on the electrical life of a low-voltage circuit breaker
cannot be ignored.

When the current level is low, the arc erosion of the con-
tact material is mainly related to the current size, duration,
and contact material. When the current level is larger (more
than 1 kA), contact repulsion, gas material, and arc motion
also affect contact erosion. The arc temperature and mag-
netic force on the arc increase under high current conditions,
the sudden change in the arc erosion rate, and the influence of
the arc shape on the contact should be considered. This paper
studies the electrical life of a low-voltage circuit breaker, and
the erosion mechanism does not change under the default low
current level.

IV. ELECTRICAL LIFE SIMULATION AND EXPERIMENT OF
THE LOW-VOLTAGE CIRCUIT BREAKER

To further analyze the differences in the electrical life
distribution of low-voltage circuit breakers under different
reignition types, we also need to perform electrical life sim-
ulations. Based on the analysis of the change law of the
CEA of a single-pole contact and three-pole contact, using
the Monte Carlo method, we simulate the low-voltage circuit
breaker electrical life test under random ASPA. This paper
takes case 1 as an example. The simulation process is shown
in Fig. 10.

The simulation steps are as follows:

1) The CEA threshold of the low-voltage circuit breaker is
set;

2) The random ASPA is generated;

3) It is determined whether reignition occurs according to
the reignition probability model and the values of ¢; and ¢3;

4) The CEA of the single-phase (or three-phase) contact is
calculated based on the result of 3);

5) The accumulative CEA QO (k = 1, 2, 3) of the
single-phase (or three-phase) contact is calculated. If the
minimum value of Oy is greater than the CEA threshold,
the life ends; otherwise, steps 2)-4) are repeated,;

6) Steps 2)-5) are cycled n times independently and the
n low-voltage circuit breakers’ electrical life distribution is
obtained.

In this paper, the load current and erosion factor are con-
stant. The CEA threshold Q is replaced by the per-unit value
Q*. The average electrical life of the low-voltage circuit
breaker can reach 10000 times. Equation (9) is integrated to
obtain a single time average CEA, which is g, § = al?(5 x
1073), 0* = 10000 x g/al*> = 50. The test sample number
is n, and its value is 1000.
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FIGURE 10. Flowchart of the electrical life simulation program.

A. SIMULATION TEST RESULT ANALYSIS OF THE
SINGLE-PHASE CONTACT
The failure distribution function can reflect the product’s
failure law as a whole, and the life distribution of the product
can be characterized with life as a random variable. Com-
mon life distribution types include the exponential distribu-
tion, Weibull distribution, lognormal distribution, and normal
distribution [34]-[37]. For switching appliances, there are
normal distributions and Weibull distributions [8]. Using sta-
tistical methods to perform hypothesis testing and parameter
estimation on the distribution function, we can understand the
products’ life characteristics more intuitively. The relevant
statistical parameters have two other uses: planning mainte-
nance strategies for electrical products and collecting basic
information in life cycle management. In this paper, the elec-
trical life of a single-pole contact is simulated. The frequency
distribution histograms of electrical life are obtained under
the different reignition types, as shown in Fig. 11. The values
of ¢1 and ¢; are 0.857 and 0.757, respectively.

It can be observed in Fig. 11 that the electrical life dis-
tribution of a single-pole contact is approximately normally
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FIGURE 11. Histogram of electrical life of single-pole contact.
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FIGURE 12. Histogram of electrical life of three-pole contact.

TABLE 2. Statistics of electrical life of single-pole contact.

Statistics No reignition Case 1 Case 2
u 9997 7690 7141
o 79 50 42
Max 10266 7844 7271
Min 9761 7549 7013

1 is the mean of the normal distribution; o is the standard deviation;
Max and Min are the maximum and minimum life of the single-pole
contact, respectively.

distributed under different reignition types. The normal dis-
tribution test with a significance level of p =0.05 was used,
and each parameter’s statistical values are given in Table 2.

From Table 2, the average electrical life of a single-pole
contact after considering reignition is significantly shorter
than that without reignition. Furthermore, by comparing o
under different reignition types, the dispersion of the elec-
trical life changes when there is reignition, decreasing with
reignition times.

B. SIMULATION TEST RESULT ANALYSIS OF THE
THREE-PHASE CONTACT
The electrical life of the three-pole contact is simulated, and
¢1 and ¢, are taken as 0.857 and 0.75m, respectively. The
frequency distribution histograms of the electrical life are
shown in Fig. 12.

According to Fig. 12, the electrical life distribution of the
three-pole contact is approximately a Weibull distribution
under different reignition types. The significant level p =0.05
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TABLE 3. Statistics of electrical life of three-pole contact.

Statistics No reignition Case 1 Case 2

m 7 9 7

t 299 263 206

v 11645 8522 7867

Max 12051 8845 8146

Min 11732 8620 7935

Iw 11925 8771 8061
Ow 47 33 30

m is the shape parameter, ¢ is the scale parameter, v is the position
parameter, u,, is the mean value of the Weibull distribution, and o, is the
standard deviation of the Weibull distribution.

Weibull distribution test is carried out. The statistical values
of each parameter are given in Table 3.

This paper analyzes the statistical data in Table 3 and
Table 4. For the single-pole contact, the low-voltage circuit
breaker average electrical life is 76.9% and 71.4% of that
without reignition in case 1 and case 2, respectively. For
the three-pole contact, they are 73.6% and 67.6%, respec-
tively. The electrical life of the low-voltage circuit breaker is
reduced after reignition, and case 2 is more severe than case 1.
Meanwhile, the effect of reignition under the single-pole
contact condition is more significant than that under the
three-pole contact condition. Therefore, the distribution of the
low-voltage circuit breaker electrical life should be judged
according to different reignition types.

@1 and ¢, are not fixed in real life, and the reignition
probability can be evaluated by calculating the grid and
load parameters and testing the circuit breaker. We should
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FIGURE 13. Main circuit diagram of the circuit breaker electrical operation reliability test device.

TABLE 4. Configuration parameters of test platform.

Parameters Value
Type of circuit breaker DZ47-63
Rated current I./A 20

Rated voltage U/V 220

Test current /1, 1

Test voltage U/U. 1

Voltage on the coil/V 380
Electricity frequency/Hz 50
Power factor 0.35-0.95
Operation frequency (Times/h) 120

judge the electrical life distribution according to the running
conditions.

C. ELECTRICAL LIFE TEST OF THE LOW-VOLTAGE

CIRCUIT BREAKER

This paper adds relevant electrical life experiments to prove
the reignition of a low-voltage circuit breaker under differ-
ent running conditions. Different power factors (0.35-0.95)
were selected to conduct several breaking tests and count the
low-voltage circuit breaker reignition condition. The main
circuit diagram of the breaking operation test is illustrated
in Fig. 13. QFI is the circuit breaker with shunt tripping
used to protect and control the entire test device. KMI1 is
an auxiliary test contactor that can connect the power sup-
ply. HI~H3 are Hall sensors used for the current signal
collection. SJ1~SJ3 are time relays, which can be used as
hardware protection for fault removal and alarm reminders.
X1~X3 and U, ~U, are voltage sampling points. The exper-
imental parameters are shown in Table 4. The test equipment
is illustrated in Fig. 14.

According to the test parameters in Table 4, the air circuit
breaker electrical life test with loads is carried out. The num-
ber of breaking operations under each power factor is 200.
The sampling frequency for the current is 2 K/s, and for the
voltage it is 1 K/s, and the arc reignition waveform is shown
in Fig. 15. Z; ~Z3 are the arc starting time, arc reignition
time, and three-phase arc extinguishing time, respectively.
u, is the arc voltage of phase C.

The statistical MRPA and ¢* under different power factors
are given in Table 5. ¢* is the calculated average CEA where
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FIGURE 15. The current waveform with reignition.

TABLE 5. The MRPA under different power factors.

Power factor 01 q'/A*s
0.35 0.7n 2.75
0.45 0.75n 2.53
0.65 0.85m 2.12
0.75 0.9 1.94
0.95 No reignition 1.11

the ASPA is from O to 7. According to the statistics, the reig-
nition is the same as that in case 1. The power factor during
the test is changed by adjusting the load, and the reignition
condition is counted. With the increase in the power factor,
the MRPA increases gradually. When the power factor is 0.95,
no reignition occurs.
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TABLE 6. The electrical life ratio under different power factors.

Power factor

NIN,

0.35 0.45 0.65 0.75 0.95
Test 60.7% 66% 788% 86.1%  118%
Simulation 58.2% 62.5% 73.6%  80.7% 1

The relative remaining life of the low-voltage circuit

breaker contacts can be expressed by equation (15) [8].
N 7
L=Lim—;§’so (15)
J_

where Liy is the initial value of contact relative electrical life,
Lin; €[0, 1]. For brand new products, Lin =1.

When the contact fails, the remaining relative electrical life
is 0. The relationship between ¢* and life number N is shown
as equation (16).

N *
4 _ 9 N
Lm=) 3="Fo=1 (16)
=X

According to equation (16), for a low-voltage circuit
breaker contact with a certain threshold Q, ¢* is inversely
proportional to N when the contact fails. Taking the contact
life without reignition (defined as Np) as the benchmark, the
electrical life ratio under different power factors is shown
in Table 6. It shows that the reignition probability is different,
and the electrical life is different under different loads. Due to
the current limiting effect of the low-voltage circuit breaker,
the actual electrical life is slightly longer than the simulated
life, but the life variation trend is consistent.

This paper studies the relationship between arc reignition
and the electrical life of a low-voltage circuit breaker. Accord-
ing to the research results, it is possible to reduce the arc
reignition impact on contact erosion by adjusting the load
conditions and adding an overvoltage suppression module
without changing the line efficiency. In addition, we can
improve the electrical life by optimizing the contact structure
(double-break structure) or intelligent breaking (controlling
the ASPA distribution range).

V. CONCLUSION

Based on erosion characteristics of arc current on single-pole
contact and three-pole contact under different reignition
types, a low-voltage circuit breaker arc erosion model with
reignition is established. This model can reflect the variation
law of electrical life on low-voltage circuit breakers more
accurately under various running conditions. Simultaneously,
combining this model with the Monte Carlo method, the elec-
trical life distribution of single-pole and three-pole contacts
is simulated. It can help people evaluate the life distribution
characteristics of low-voltage circuit breakers more effec-
tively. The electrical life test of the air circuit breaker shows
that under different load conditions, the MRPA is different.
The probability of reignition is different, which corroborates
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the validity of the reignition probability model. Future work
can start by reducing reignition and improving the electrical
life of low-voltage circuit breakers.
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