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Abstract: Circuit breakers on the filter bank branches in converter stations are vulnerable to contact
wear and mechanical deterioration caused by frequent operations, which can lead to circuit breaker
breakdowns and explosions. It is imperative to conduct research on the early detection of abnormal
states in circuit breakers. Existing electrical quantity-based detection methods are constrained
by a priori assumptions, and their measurement methods are susceptible to interference, leading
to misjudgments. To address this issue, this paper examines the influence of changes in critical
breakdown field strength and contact spacing on circuit breaker operation states. It also proposes a
technical scheme that employs breakdown current values to comprehensively characterize circuit
breaker operation states, replacing the use of critical breakdown field strength and contact spacing.
An early detection method for abnormal circuit breaker states based on a sequence of breakdown
current ratios at different times is proposed, and its effectiveness is verified through simulation and
field recording data.

Keywords: circuit breaker; incipient fault; breakdown current; critical breakdown field strength

1. Introduction

The circuit breaker on the filter branch in the AC bus of the converter station demands
frequent operation to regulate the reactive power balance. This frequent operation can
potentially lead to performance degradation. As the operation is on capacitive loads, if an
abnormal arc occurs during circuit breaker operation, it may result in a discharge explosion,
seriously endangering the operational safety of the whole converter station.

In circuit breaker’s frequent operation process, due to arc ablation, high-temperature
oxidation, friction contact, and other factors, the contact surface is easy to generate fine
particles [1], leading to the tip discharge effect, which subsequently reduces the insulation
margin between circuit breaker contacts. Simultaneously, the frequent operation of the
circuit breaker may lead to spring fatigue, and the relaxation of spring stress can slow down
the contact operation speed [2]. As a result, it cannot isolate the fault quickly and effectively.
Furthermore, it may also cause significant distortion of the tie rod to make the contact move
faster, and the mechanical mechanism may bear overloaded mechanical stress, causing
structural damage or deformation and shortening the service life. Thus, it is imperative to
carry out research on the early detection of the AC circuit breakers abnorma state.

Previous studies on the online detection of the operating state of AC circuit breakers
have mainly focused on detecting contact wear and mechanical deterioration. The crucial
element of detecting contact wear lies in effectively extracting characteristic quantities that
signify the extent of contact wear, including arc energy [3,4], dynamic contact resistance [5,6],
contact thickness, and mass loss [7]. Among these, the electrical quantity detection method
based on arcing energy, dynamic contact resistance, and other electrical quantities can obtain
the contact state without dismantling the arc extinguishing chamber and has the ability of
online detection, which has gained more attention in recent years.
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The arcing energy method calculates the integral value of the current in the arcing
time, quantitatively reflecting the contact wear of the single operation of the circuit breaker.
In Reference [8], the traditional dynamic contact resistance model was established by
analyzing the functional relationship between dynamic conductance G, surface pressure
P, and contact surface S, and the indirect calculation of dynamic contact resistance was
realized. A hardware measurement device for dynamic contact resistance, combined with
software simulation analysis to realize the simulation of dynamic contact resistance was
introduce in Ref. [9], which realized the direct measurement of dynamic contact resistance.
However, these methods assume that the arc current value in the arcing time is constant,
neglecting the attenuation process of the current, which leads to inaccurate calculation
results. On the other hand, the dynamic resistance method employs the measurement
circuit to detect the average value of the dynamic resistance value and determines the
contact wear by analyzing the stability of the resistance value. Nonetheless, the different
types of measurement methods, such as the power supply type, significantly affect the
resistance measurement results. The smaller the measurement current, the more imprecise
the dynamic resistance measurement results are. Based on the above analysis, it is apparent
that the existing detection methods based on electrical quantities are limited by unreason-
able assumptions, and the measurement methods are prone to interference and can lead to
erroneous detection results.

The current research on the online detection of AC circuit breaker operating states
mainly focuses on detecting contact wear and mechanical transmission mechanism
abnormalities [10,11]. Detecting contact wear involves extracting characteristic quanti-
ties that characterize the degree of wear, such as arc energy, dynamic contact resistance,
contact thickness, and mass loss. The electrical quantity detection method is a popular ap-
proach that can obtain contact state information without dismantling the arc extinguishing
chamber and can be carried out online [12]. However, existing electrical quantity detection
methods have limitations due to the assumptions made and measurement methods that
can lead to interference and inaccurate results.

Detecting mechanical transmission mechanism abnormalities can be achieved through
analyzing the vibration signal of the circuit breaker or using the relationship between
mechanical performance and the internal switching-closing coil current signal of the circuit
breaker. In reference [13], the Fourier transform is limited by the window, and the predictive
estimated value of the characteristic signal in different states is extracted and identified
with the reference value to realize the diagnosis. However, in order to further determine
the fault type, the literature [14] carried out EMD decomposition, and the decomposed
different modal signals were used as feature quantities for identification and diagnosis.
However, both methods have limitations, such as requiring built-in sensors or being prone
to large diagnostic errors due to inaccurate eigenvalue extraction.

To address these limitations, this paper proposes an early detection method that
quantitatively analyzes the influence of the deterioration process of the circuit breaker
on its performance parameters and identifies its abnormal health state by using different
breakdown current ratios. This method has the advantages of fast calculation speed, no
sample quality constraints, and no deterioration of the detection threshold over time.

2. Characteristic Analysis of Circuit Breaker Operation State

The process of closing an AC circuit breaker involves using a mechanical transmission
mechanism to move the moving contact towards the static contact at a constant speed until
they make contact. The control loop receives the closing command, causing the closing
spring inside the operating mechanism to release energy and act on the transmission
rod inside the pillar. This upward movement drives the transmission shaft indirectly via
the insulation rod, which in turn drives the moving contact inside the arc extinguishing
chamber at the top of the circuit breaker towards the static contact. A successful closing
occurs when the dynamic and static contacts are mechanically connected. However, during
the general closing process, an electrical connection is formed in advance due to the arc
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generated by the breakdown between the fractures before the physical contact of the
contacts [15].

Ideally, the surface of the arc contact is smooth, and the critical breakdown field
strength Eset of the surface is fixed [16]. However, due to the high temperature burning
of the arc and friction contact, the critical breakdown field strength Eset changes, and the
abnormal mechanical transmission mechanism means that the contact spacing changes at
the same time as the moving contact movement. Therefore, whether it is to characterize
the electrical or mechanical life of the circuit breaker, it can be characterized by the critical
breakdown field strength Eset and the degree of contact spacing d change. Considering
that the health status of the circuit breaker is a degradation process, when the cumulative
wear of the contact and the abnormality of the operating mechanism cause the critical
breakdown field strength Eset and the contact spacing d to change to a certain extent, an
alarm or shutdown should be issued. Therefore, the mathematical description of the
operating state of the circuit breaker is given as follows:{

|Eset(t)− E0|≤ Eth
|d(t)− d0|≤ dth

(1)

where E0 and d0 are the critical breakdown field strength and the corresponding contact
spacing value in the ideal state, respectively. The breakdown field strength at the first break-
down is E0, and the corresponding contact spacing is d0. Eth and dth are the alarm thresholds
when the contact wears and the mechanical mechanism deteriorates to a certain extent.

It can be seen from (1) that the key to the detection of circuit breaker health abnor-
malities is to accurately obtain the real-time changes of Eset and d values. However, due
to the obvious uncertainty of the field enhancement factor β generated by the tip effect of
fine particles on the electrode surface, the change of Eset is random [17], so the change of
Eset is difficult to measure directly. To find a new characteristic quantity instead of Eset to
characterize the wear degree of circuit breaker contacts, the following analyzes the closing
and arc development processes of the circuit breaker.

During the closing process, the spacing between the fractures of the circuit breaker
gradually reduces. As the closing time is usually greater than 5 ms, the field strength
between the fractures undergoes significant dynamic changes during the closing process.
Figure 1 displays the simulation results of the multi-physical field software (based on
COMSOL Multiphysics simulation software V5.6, Stockholm, Sweden, COMSOL Co.) of
the voltage level of the 220 kV power supply side at the contact bus of the moving contact
end and the no-load grounding of the static contact end, the mechanical closing operation
of the circuit breaker, and the gradual reduction of the arc chamber fracture spacing with
the moving speed of 10 mm/ms [18], where the electrode is made of copper material.
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As shown in Figure 1, the color between the fractures gradually darkens, indicating a
gradual increase in field strength. This signifies that the electric field force experienced by
the particles on the contact surface gradually strengthens. Under the action of an applied
electric field, the contact surface is ionized, and the relationship between them is:

qEx ≥Wi (2)

where q is the amount of electron charge, E is the field strength between the fractures, x is
the electric moving distance, and Wi is the work function of the metal.

When the electron moving distance x on the metal surface is constant, there is a
minimum breakdown field strength, and the electron escapes after satisfying (2) [19]. After
the electron escapes, it is subjected to the electric field force to collide and ionize between
the fractures, eventually leading to gas breakdown. The mathematical description of the
breakdown condition is:

E =
u
d
≥ Eset (3)

where u is the instantaneous value of the voltage difference between the breaks; that is,
the instantaneous value of the breakdown field strength is greater than or equal to Eset
when the contact is broken, so the instantaneous value of the breakdown field strength E
can be considered to replace Eset. However, it can be seen from (3) that the instantaneous
breakdown field strength E depends on the voltage difference u between the breaks and
the contact spacing d. The bus-side voltage of the circuit breaker can be measured, but the
change of the voltage on the opposite side depends on the residual charge of the connected
capacitor bank after discharge, which cannot be measured in real time [20]. Therefore, it is
difficult to accurately obtain the voltage value of the circuit breaker fracture in practice. In
addition, considering factors such as cost and reliability, the circuit breaker is generally not
equipped with contact displacement sensors, so the real-time change in contact spacing is
not easy to know.

3. Selection of Circuit Breaker Characterization Quantity

To identify the measurable physical quantities that can replace the instantaneous
breakdown field strength, an analysis of the circuit breaker contact breakdown process is
necessary. When the arc is generated, the arc current mainly develops through the collision
ionization of electrons, which is affected by the probability and intensity of electron impact
ionization and indirectly influenced by the instantaneous breakdown field strength. This
field strength also affects the number of new electrons generated and the breakdown
current value that results from the directional movement of electrons. During collision
ionization, the time for the electron current to rapidly increase and reach its peak value is
typically very short, usually less than 0.1 ms [21], and the change in field strength during
this process is minor. Therefore, it can be assumed that the measured breakdown peak
current characterizes the instantaneous breakdown field strength, as the current reaches its
peak value at the moment of breakdown.

Analysis of the Breakdown Current Characteristic

The above process can be mathematically described by introducing the collision
ionization coefficient α, which characterizes the average number of collision ionizations
completed by an electron in a 1 cm travel along the direction of the electric field. In other
words, α represents the number of new electrons generated by an electron moving 1 cm [22].

α =
1
λ

e−
Ui
λE (4)

where λ is the average free path distance of electrons, which represents the mean motion
distance of two adjacent collisions of molecules, about 10−5 cm. The value is related to two
factors: gas molecule type (related to contact material) and gas pressure in the container. In
the study, assuming that the pressure does not change, the most commonly used copper
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contact material for circuit breakers is selected, and the reference values given are applicable
to the vast majority of cases. Ui is the ionization potential of the gas, which is numerically
equal to the ionization energy in units of eV, with a value of 15. These parameters are
not affected by the type of circuit breaker but are only related to the motion properties of
gas molecules.

Assuming that the initial number of electrons generated by each breakdown is n0, dn
new electrons will be generated at the distance of dx after collision ionization. According to
the definition of collision ionization coefficient:

dn = αndx (5)

Integrating on both sides of (5) with the upper limit of the integration on the right
side set to the breakdown distance between the electrodes, denoted as “d”. The upper and
lower limits of integration on the left side correspond to the number of electrons on two
electrodes, respectively. Solving for n, the two sides of the equal sign are multiplied by the
electron charge q. Then the expression of breakdown current I was obtained by sorting out
the formula:

I = I0eαd (6)

By substituting (4) into (6), it can further obtain:

I = I0e
1
λ eln d− Ui

λu d
(7)

where I0 is the saturation current caused by the ionization factor, about 10−21 kA.
According to (3), d/u = 1/E. Therefore, (7) actually gives the relationship between the

breakdown current, the instantaneous breakdown field strength, and the contact spacing.
The three-dimensional characteristics are shown in Figure 2, where I-E and I-d are the
projections of the three-dimensional characteristics on the two-dimensional plane.

1 

 

 
Figure 2. Three-dimensional characteristics and two-dimensional projection between breakdown
current, instantaneous breakdown field strength, and contact spacing.

From Figure 2, it is apparent that the value of the breakdown current is directly
proportional to the instantaneous breakdown field strength and contact spacing, but only
after the inflection point, which is located at 18 mm on the abscissa. The value at the
inflection point corresponds to the critical breakdown field strength of a healthy circuit
breaker. Consequently, if the observation window is positioned after the inflection point
of the contact spacing, subtle changes in the instantaneous breakdown field strength and
contact spacing can be delicately reflected by changes in the breakdown current value.
If, however, the mechanical transmission mechanism is abnormal and the contact spacing
falls before the inflection point and changes within this range, the change in the breakdown
current value cannot sensitively reflect the change in contact spacing. Nonetheless, during
the actual circuit breaker closing process, the contact spacing typically decreases uniformly
from 200 mm, and the instantaneous transition to 18 mm is a rare occurrence and thus not
considered in this paper.
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4. Method for Early Detection of Circuit Breaker Abnormal State

The deterioration of circuit breakers does not typically occur abruptly or by chance.
Instead, it is a gradual process characterized by irreversible changes such as the gradual
burning of contacts, spring fatigue, and stress relaxation. In this process, changes in the
breakdown field strength or contact spacing follow a certain trend, and the breakdown
current sequence displays a monotonic trend, the steepness of which correlates to the extent
of degradation. Thus, the shape of the breakdown current sequence can be analyzed to
detect the stability of the sequence, which, in turn, can be used to determine whether the
circuit breaker has degraded.

4.1. Detection Principle and the Criterion

The breakdown current value sequence is considered an autoregressive model, so
this paper uses ADF (Augmented Dickey-Fuller) to check whether the breakdown current
sequence is stable in detection step 3 of Section 4.2. The ADF test is also called the unit
root test. Its basic idea is that when there is no unit root in the test sequence, the sequence
is stable. Let the breakdown of the current sequence be Xt = Xt−1 + ∆Xt, where Xt is a
random walk process of unknown trend and ∆Xt is an incremental process of random walk
Xt−1. The ADF test model is:

∆Xt = γXt−1 +
l

∑
i=1

βi∆Xt−i + εt

∆Xt = α + γXt−1 +
l

∑
i=1

βi∆Xt−i + εt

∆Xt = α + βt + γXt−1 +
l

∑
i=1

βi∆Xt−i + εt

(8)

where α is the intercept term, βt is the time trend term, εt is the white noise with the
mean-variance of σ2, γ is the parameter to be solved, and l is the lag order of Xt.

Under the null hypothesis H0: γ = 0, there is at least one unit root; suppose H1: γ < 0,
there is no unit root. The test process can be completed by t-testing based on the critical
value table [23].

When the test results have a unit root, the sequence is determined to be a non-stationary
deteriorating sequence; to further determine whether the mechanical parameter change
and contact wear of the circuit breaker have reached the serious defect degree, the analysis
is as follows:

Firstly, the relationship between contact spacing, breakdown field strength, and break-
down current can be obtained by the logarithmic transformation of (7):

d = λe
Ui
λE ln I

I0

E = Ui
λ ln d

λ ln I
I0

(9)

Subtract the relationship between contact spacing in (9)

∆d = λe
Ui
λE ln

I1

I2
(10)

Among them, I1 and I2 represent the breakdown of current values when the contact
spacing changes and in the ideal state, respectively.

Reference [24] provides the standard values for the breakdown field strength, approx-
imately 9 kV/mm and 18 kV/mm, respectively, when the gas pressure is 0.1 MPa and
0.2 MPa at 300 K. Currently, the gas theory lacks a unified numerical characterization of
the actual breakdown field strength. This paper considers the effects of gas pressure and
temperature deviations across various regions. To facilitate numerical calculations, the
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value of E in (10) is taken as 12 kV/mm. Table 1 shows the breakdown of current ratios
corresponding to different ∆d values calculated.

Table 1. The breakdown current ratio at different ∆d.

∆d/mm Breakdown Current Ratio

1 1.04
5 1.18
10 1.45
20 1.75

It can be seen from Table 1 that when ∆d > 10 mm, the change of the two breakdown
current values is about 45%, while when ∆d > 5 mm, the change of the two breakdown
current values is only 18%. Considering the reliability and sensitivity of the detection, the
threshold value ∆d = 10 mm can be taken as the threshold value, corresponding to the ratio
of the two breakdown currents equal to 0.69.

In view of the fact that the change in contact wear can be reflected by the change
in critical breakdown field strength, the expression of breakdown field strength in (9) is
organized as follows:

ln
I1

I2
=

d

λe
Ui

λE1

− d

λe
Ui

λE2

(11)

When the contact spacing is 7.5~16 mm, the influence of contact structure change on
its field strength is the most obvious [25]. In order to ensure that the two closing spacings
∆d retain a certain margin, d takes 10 mm, E1 takes the breakdown field strength when the
contact breakdown occurs after contact wear, and E2 takes the breakdown field strength
when the contact breakdowns occur between good contacts in an ideal state.

After calculation, it is found that the change of E1 in (11) exceeds 5 kV/mm on the basis
of the normal value E2, and the value of d/λe(Ui/λE1 ) is small and can be negligible. Then,
I1/I2 < 0.69 in (11) is obtained. Therefore, when the breakdown current ratio is less than
0.69 or greater than 1.45, it means that the contact spacing change exceeds 10 mm or the
breakdown field strength deviation exceeds 5 kV/mm. At this time, it can be judged that
the circuit breaker has a serious defect and should be immediately alarmed for maintenance.

4.2. Detection Process

In this paper, the detection method uses the current transformer to obtain the load-side
current of the filter branch. The switching state of the circuit breaker before fully closing
is considered the binary value 0, and the switching state after fully closing is considered
the binary value 1. The early detection process of the single-phase abnormal state of the
AC circuit breaker based on closing electrical quantity monitoring is given as shown in
Figure 3:

Step 1: Set the rated load current amplitude of the closing branch of the circuit breaker
as Ip, collect, and monitor the instantaneous current value i when the switching state of the
circuit breaker is 0 in real-time. When the continuous three i sampling values are greater
than kIp, it is determined that the arc current occurs during the closing process of the circuit
breaker, and we go to Step 2. Otherwise, continue to monitor the instantaneous value of
the current in real-time; the value of k is less than 1, and in order to ensure sensitivity, the
value of k = 1/3 is recommended.

Step 2: The sampling time when the first sampling value is greater than kIp is taken
as the reference value, and the pre-breakdown peak can be reached in the subsequent
fixed time window (generally 0.1 ms after arcing; the whole arcing process is generally
3–4 ms, so it is recommended that the time window be 1 ms). The current peak imax is
recorded as the breakdown current value during the closing process of the circuit breaker,
and the breakdown current value imax is used as an element of the continuous monitoring
breakdown current sequence i(m), recorded as i(m = 1); then, the breakdown current value
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waiting for the next circuit breaker closing process is monitored in real-time, recorded as
i(m = 2), until a complete breakdown current sequence i(m = M) is formed. In order to
minimize the allowable error of the sample, it is recommended to generally take M > 10
and go to Step 3.

Step 3: ADF test model is established based on (8), and the ADF test is used to
judge whether the sequence i(m) is stable. If the original sequence test results accept
the null hypothesis, indicating that there is a unit root, that is, the original sequence is a
non-stationary sequence, go to Step 4.

Step 4: Calculate the ratio of any two values in the i(m) sequence to form a new
sequence w(s), and determine whether all values in the w(s) sequence satisfy:

0.69 < w(s= 1, . . . , C2
m) < 1.45 (12)

If any value in the w(s) sequence does not satisfy (12), it indicates that the circuit
breaker needs to be alarmed with a serious warning signal immediately.
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5. Simulation and Field Data Verification
5.1. Simulation Verification

Using the actual recorded data of an arc fault, specifically phase B of the circuit breaker
for the AC filter in a converter station, Figure 4 illustrates the arc current waveform.
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It is shown that the current only appears after the breakdown and exhibits an upward
trend until it reaches its maximum value. This period represents the arcing stage. The first
zero-crossing point of the arc current is recognized as the beginning of the steady-state
arcing stage [26], and the maximum current of the arcing stage is considered the breakdown
current value.

To further substantiate the relationship between the breakdown current value and the
difference between the breakdown field strength and the contact spacing at the moment of
circuit breaker breakdown, the arcing fault model of the circuit breaker for the AC filter was
constructed using the PSCAD (V4.6, Manitoba Hydro International Ltd, Canada, Manitoba)
simulation software, based on actual arcing current recording data. The topology of the
model is depicted in Figure 5, where K1, K2, and K3 denote isolation or grounding switches,
CB signifies the circuit breaker, T1, T2, and T3 denote current transformers, F1 denotes the
ground gap, and C1 denotes the filter bank. The equivalent capacitance value is 5.6 uf, and
L1 represents the reactor, with an equivalent inductance value of 0.0032 H.
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The relevant parameters of the model can be found in reference [27], and the relevant
parameters of the circuit breaker are shown in Table 2.

Table 2. Related technical parameters of circuit breaker.

Parameter Unit Parameter Value

Rated Voltage kV 550
Rated Current A 4000, 5000

Rated frequency Hz 50
Rated short-circuit
breaking current

Short-circuit current kA 50, 63
DC component percentage - 60%

Rated short-time withstand current (3 s) kA 63 (50)
Rated peak withstand current kA 125, 160

In the model, the breakdown current is utilized to substitute the exponential function
form of the conventional three-stage arc model in the arcing stage. Additionally, the
arc resistance remains roughly constant in the steady-state arcing stage. The simulation
outcomes are presented in Figure 6.
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In order to verify the validity and accuracy of the model, the correlation between the
simulated current and the measured arc current is analyzed. An alternative approach is to
calculate the Pearson correlation coefficient, which is defined as:

r =

n
∑

i=1
(Xi − X)(Yi −Y)√

n
∑

i=1
(Xi − X)

2
√

n
∑

i=1
(Yi −Y)2

(13)

where Xi and Yi are the simulation sample data, X and Y are the sample mean, and n is the
number of samples.

In general, the closer r is to 1, the stronger the correlation between X and Y is. The
similarity coefficient between the measured arc current data and the simulation data is
calculated to be 0.819, which is highly correlated. Therefore, it can be considered that
the constructed circuit breaker breakdown current model can highly fit the measured arc
current size and trend in the pre-breakdown stage.

5.1.1. Changing the Contact Spacing Distance

The circuit breaker equipped with phase selection and closing functions regulates
the separation and closure of the moving and static contacts at a specified phase angle
of the system voltage waveform. Typically, the circuit breaker of the filter branch in the
converter station is set to operate at the zero crossing (0◦ angle) of the power supply side
voltage. The residual voltage of the load-side capacitor combination, after self-discharge,
discharge by a specialized device, and artificial discharge, should not exceed 65 kV before
closure. To minimize the impact of residual charge on the power grid during closure and
achieve results closer to actual projects, the reference value of the voltage difference between
contacts is 35 kV. Ideally, the voltage difference between the breaks and contact spacing
remains constant during each closing of the target phase of the phase-selected closing
circuit breaker, and the breakdown current sequence is considered constant. To confirm
whether the stability of the breakdown current sequence is affected by the breakdown field
strength and contact spacing, the simulation is performed as follows:

Based on the established breakdown current model, the contact spacing distances
are set to be 5 mm, 10 mm, and 20 mm, respectively, and the breakdown current values
are obtained as shown in Table 3. According to Table 3, it can be seen that the change in
contact spacing will affect the breakdown current value. At the same time, the breakdown
current ratio exceeds the detection threshold when ∆d > 10 mm, which meets the detection
conditions and verifies the accuracy of the model in this paper.
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Table 3. The breakdown current value at different contact spacing.

Contact Spacing
d/mm

Breakdown Current Value
i/kA

5 0.42
10 0.58
20 0.86

5.1.2. Change the Breakdown Field Strength

When the contact spacing remains constant, breakdown happens at different closing
moments, resulting in a different pressure difference at both ends of the contact. As per the
breakdown field strength E = u/d, it is easy to observe that the breakdown field strength
is different at different times of the breakdown. To examine the impact of the breakdown
field strength and the contact spacing on the stability of the breakdown current sequence,
the occurrence time of two breakdowns is set to differ by 0.1 ms, and the load side voltage
remains constant. This difference is used to indicate that the two breakdown voltages are
different and to obtain different breakdown field strength values, and the corresponding
breakdown current values are determined, as shown in Table 4. It can be observed that
different breakdown field strengths significantly affect the magnitude of the breakdown
current value. Moreover, it can be inferred that when the deviation in the breakdown
field strength does not exceed 5 kV/mm, the breakdown current ratio does not exceed the
detection threshold, thus satisfying the detection conditions and validating the accuracy of
the model.

Table 4. The Simulation results of breakdown current values at different breakdown times.

Breakdown Time
t/s

Voltage Difference
between Fractures

4u/kV

Field Strength
between Fractures

E-kV/mm

Breakdown Current
Value
i/kA

0.1284 27.95 8.2 1.61
0.1285 35.63 9 1.70
0.1286 45.01 9.8 1.83

Based on the verification conclusions, it is apparent that the modification of contact
spacing or breakdown field strength results in a change in the breakdown current value.
Through meticulous calculation and analysis, the model simulation outcomes satisfy the
detection threshold conditions, confirming the precision and efficiency of the current
breakdown model as per (7). As the variance in the current breakdown value can mirror
the alteration of either contact spacing or breakdown field strength, the distinction in the
current value at various breakdowns is deemed appropriate in describing the operation
state of the circuit breaker.

5.1.3. The Influence of Circuit Breaker Closing Phase Angle

In actual power transmission systems, the closing strategy for three-phase circuit break-
ers typically involves selecting two phases (such as A and C phases) whose instantaneous
values are equal during closing and allowing the third phase voltage to reach zero before
reclosing. For example, the phases for A, B, and C are at 30◦, 0◦, and 150◦, respectively.
However, for the detection method proposed in this paper, the peak value of the closing
current is the object of detection, and its value depends on the voltage value at both ends of
the contact and the contact spacing when any single phase is closed. Consequently, when
the voltage of a phase is reclosed at the point of zero-crossing, the proposed algorithm
becomes invalid when a resistive load is connected to the load side since the voltage at
both ends of the phase circuit breaker contact is zero during closing and no arcing current
is generated.
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However, in the actual closing process of circuit breakers, it is often impossible to
achieve accurate zero-angle closing due to the influence of mechanical transmission mecha-
nism errors. Additionally, for the different three-phase circuit breakers, the fault probability
for the phase of the zero-crossing closing is pretty low. In practical applications, circuit
breakers for switching filter branches are more frequently used and have higher fault prob-
abilities. Since the load is a capacitor, even if the voltage at the bus side is zero-crossing, the
capacitor voltage can still produce a significant breakdown current, which can significantly
reduce the dead zone range and ensure that the detection method proposed in this paper is
still applicable.

5.1.4. Influence of Circuit Breaker Closing Phase Angle Deviation

In the case of a branch closing at a non-zero angle, there is still an observable break-
down current. However, in practical situations, the actual closing phase angle may deviate
slightly from the intended angle due to mechanical transmission errors. As previously
analyzed, the two closings at 0.1284 s and 0.1286 s can be considered a 3.2◦ phase angle
deviation of the same closing. Although this deviation corresponds to a certain breakdown
field strength deviation, the breakdown current ratio calculation results indicate that it still
does not exceed the detection threshold. Therefore, as long as the error in the closing phase
angle does not exceed 3.2◦, the breakdown current ratio will remain below the threshold
set in this paper, and the proposed detection method remains valid.

5.2. Verification of Field-Measured Data

One circuit breaker failure fault data set from 17–30 August 2015 in China is used to
validate the proposed algorithm in this paper. Table 5 shows the sequence of breakdown
current values at each closing before the fault. The phase B circuit breaker with type
GL316X was unsuccessful during the closing operation. Circuit breaker failures do not
occur frequently, and it is difficult to obtain on-site data. Although the data used is a bit
old, the fault characteristics are more typical, so this set of data is used. The data for other
fault conditions is simulated through the circuit breaker model built in this article.

Table 5. The recorded data of breakdown current values at phase A and phase B.

Date A Phase Breakdown Current Value
ia/kA

B Phase Breakdown Current Value
ib/kA

17 August 7.24 2.55
18 August 5.96 2.74
24 August 7.43 2.33
26 August 8.06 2.44
27 August 7.52 2.97
28 August 6.98 3.36
29 August 6.65 4.78
30 August 7.54 0

The non-stationary sequence of the breakdown current can be observed in phase B.
The ratios of breakdown current at different times in phase A from 17–30 August, ratios
of breakdown current at different times in phase B from 17–28 August, and ratios of
breakdown current at different times in phase B from 17–29 August were calculated. The
ratios are represented by ‘w’ on the y-axis, and the number of ratios is represented by ‘No.’
on the x-axis. The results are depicted in Figure 7.
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Figure 7. The ratio of two values of different times in measured breakdown current sequence of
phases A and B, (a) The ratio of two values of different times in the breakdown current sequence
of phase on 17–30 August is compared. (b) The ratio of different times in the breakdown current
sequence of phase B on 17–28 August. (c) The ratio of different times in the breakdown current
sequence of phase B on 17–29 August.

The red dashed line in Figure 7 indicates the detection threshold described in
Section 4.1. Based on Figure 7, it can be observed that the breakdown current ratio of
phase A and phase B was within the range of 1.45 to 0.69 before 28 August. However, after
29 August, the breakdown current ratio of phase B fell below the lower limit of 0.69 due to
an abnormal breakdown current value on the day before the fault occurred. This satisfies
the detection conditions outlined in the proposed method. If the circuit breaker experiences
such a fault, it should be taken out of service and repaired. Moreover, as indicated in Table 5,
the breakdown current value varies with changes in the contact spacing or critical break-
down field strength value. The accuracy of the breakdown current model and the proposed
detection method is further corroborated by comparing the simulation data presented in
Tables 3 and 4 with field recorded data. However, since only limited field-recorded data is
available, further investigation and verification are necessary to ensure the reliability of
the algorithm.

6. Conclusions

The early detection of abnormal states in circuit breakers is of great significance for
ensuring the safety of substations and power supplies. The degradation of circuit breaker
performance is generally not accidental or sudden, and there is a clear gradual process, such
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as irreversible changes such as gradual contact burning, spring fatigue, stress relaxation, etc.
During this process, the breakdown field strength or contact spacing changes in a trend, and
the breakdown current value sequence shows a monotonic trend, so the monotonic change
steepness of the breakdown current is related to the degree of degradation. The paper first
analyzed the impact of the changes in critical breakdown field strength and contact spacing
on the operating status of the circuit breaker, quantitatively analyzed the characteristic
quantities that can characterize the operating status of the high-voltage AC circuit breaker
and the arc extinguishing capacity of the arc extinguishing chamber: breakdown current
value and arc current trend term, and designed a technical scheme that uses breakdown
current value to replace the critical breakdown field strength and contact spacing to com-
prehensively characterize the operating status of the circuit breaker. A method for early
detection of abnormal states in circuit breakers based on sequences of different breakdown
current ratio sequences was proposed, and its effectiveness was verified using simulation
and on-site actual recorded data. The next step will be to develop an online detection device
and carry out practical applications. At the same time, considering the changes in electrical
quantities during the opening process of the circuit breaker, further improvements to the
monitoring technology for the operating status of the circuit breaker will be researched.
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