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ABSTRACT: The existing research on axial magnetic field (AMF) contacts in vacuum interrupters mostly focuses on power frequency
or low current conditions and lacks in-depth optimization of magnetic field characteristics and contact structure parameters under short-
circuit current impact. Therefore, the AMF characteristics of the vacuum interrupter under short-circuit current excitation are studied,
and the contact structure parameters are optimized. Firstly, a three-dimensional transient electromagnetic field model of the vacuum
interrupter, excited by the measured short-circuit current, is constructed, and the effects of four key geometric parameters — contact
slotting angle, cup finger angle, slotting length, and slotting width — on the peak AMF are quantified. Secondly, the orthogonal test
method is used to screen significant factors, and it is concluded that cup finger angle is the most critical parameter among the four.
Finally, a quadratic regression model is constructed by combining the response surface model (RSM) to explore parameter interactions.
The theoretical optimum is obtained and further refined through boundary verification to yield the actual optimal parameter combination.
This study guides the design of AMF contacts in vacuum circuit breakers under short-circuit conditions.

1. INTRODUCTION

In recent years, with the continuous expansion of the scale ofpower grids, the voltage level and loads throughout the entire
grid have been continuously increasing [1, 2]. As a key piece
of protective equipment, the performance of circuit breakers di-
rectly affects the safe and stable operation of the entire power
grid [3–5]. Since then, SF6 gas has been widely used in high-
pressure applications owing to its excellent insulation and arc-
extinguishing properties. However, its strong greenhouse ef-
fect has been a major concern for the international community
and has been strictly restricted and phased out [6–9]. This trend,
together with environmental regulations, has brought the devel-
opment of vacuum circuit breakers (VCBs) into sharp focus in
the industry [10–14]. Modern electrical equipment requires a
greater capacity. As a result, vacuum interrupters are evolv-
ing toward higher current, higher voltage, and greater breaking
capacity, where insulation performance is critical. Specifically,
the dielectric strength under short-circuit conditions determines
the overall insulation level of the equipment [15].
Moreover, the insulation capability is closely related to the

short-circuit breaking performance, and the distribution of the
AMF is a key physical factor. The AMF influences the insu-
lation properties and affects arc extinction. The strength and
uniformity of the AMF govern the rotation and diffusion of
the vacuum arc and the thermal load distribution on the con-
tact surfaces. These factors help prevent local arc stagnation,
reduce contact erosion, and ensure reliable current interrup-
tion [16, 17]. As the most critical component of an interrupter,
the optimization of the contact structure is essential. A pre-
cise AMF design can improve the breaking performance and
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reliability of vacuum circuit breakers, which is of significant
engineering value [18–20].
Because the magnetic field of the contacts is influenced

by multiple factors, many researchers have adopted various
approaches to optimize different parameters of the contacts,
thereby regulating the AMF within the interrupter [21–28].
However, most existing studies focus on the analysis of mag-

netic field characteristics under power frequency currents, and
there are relatively few studies on the characteristics under the
excitation of large short-circuit currents. In this study, the mea-
sured large short-circuit current waveform was introduced as
the excitation to provide guidance for the analysis of magnetic
field characteristics under short-circuit conditions.
Therefore, a three-dimensional electromagnetic field model

of a vacuum interrupter contact system is established. Based on
finite element analysis software, the experimentally measured
short-circuit current is applied as the excitation source. Firstly,
the independent influence of four key geometric parameters on
the AMF distribution is systematically explored. These four
parameters are the slotting angle α, cup finger angle β, slot-
ting length L, and slotting width d. Secondly, on this basis, this
study proposes a phased optimization method. Thirdly, multi-
parameter screening is performed through orthogonal test de-
sign to obtain a preliminary excellent parameter combination
quickly. Fourthly, the Box-Behnken (BBD) response surface
method is used to establish a quadratic regression model; the
interaction between different parameters is discussed in depth;
and the theoretical optimal solution is obtained through global
optimization. Finally, boundary refinement verification was
performed for the boundary effect of the theoretical optimal
solution, and the actual global optimal parameter combination
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TABLE 1. Structural parameters of the arc interrupter of the vacuum circuit breaker.

Parameter Value Parameter Value
Contact Radius (mm) 53 Number of Slots 6

Contact Segment Thickness (mm) 3 Cup Finger Angle β (◦) 100
Arc Height (mm) 20 Slotting Angle α (◦) 25

Stationary Rod Length (mm) 150 Slotting Width d (mm) 1
Moving Rod Length (mm) 100 Slotting Length L (mm) 20

TABLE 2. Material parameters of the vacuum circuit breaker interrupter.

Component Material Relative Permeability Electrical Conductivity (S/m)
Arc —— 1 2000

Cup Base OFC 1 5.8×107

Contact Segment CuCr25 1 2.8×107

was determined. This study reveals the influence of the struc-
tural parameters of complex contact systems on the AMF of
vacuum interrupters. This study provides a clear parameter
basis and theoretical guidance for the fine design and multi-
parameter collaborative optimization of high-performance con-
tact systems in vacuum interrupters.

2. VACUUM INTERRUPTER MODEL

2.1. Structure of the Vacuum Interrupter
This study investigated the magnetic field of a 31.5 kV vacuum
interrupter. The device comprises stationary and moving con-
ductive rods and stationary and moving contacts. Each contact
assembly comprised a contact segment and a cup base. The
simplified three-dimensional model is shown in Fig. 1.
As shown in the figure, the moving contact system is com-

posed of moving contact piece 1, moving contact cup holder
5, and dynamic conductive rod 4. The static contact system is
composed of six static contact head pieces, two static contact

FIGURE 1. Simplified structure of a vacuum interrupter.

cup holders, and three static conductive rods. When the circuit
breaker is opened, an arc is generated between the contacts, and
high temperature causes the material on the surface of the con-
tact to volatilize. Owing to the special structure of the contact
system, when the current passes through, an AMF is generated,
which forces the arc to rotate at high speed and spread outward,
promoting the condensation of metal vapor. Eventually, as the
current crosses zero, and the arc goes out smoothly, the dielec-
tric strength between the contacts quickly recovers. The 3D
simulation model of this vacuum interrupter ignores the sec-
ondary structures that have little impact on the magnetic field
simulation, such as bellows, shields, and support. Some of its
structural parameters are listed in Table 1. In the vacuum inter-
rupter, the dynamic and static contacts are oxygen-free copper,
and the contact plates are made of CuCr25 material. To sim-
plify the calculation, the arc between the dynamic and static
contacts was equivalent to a conductive cylinder. The material
parameters of the entire contact model are listed in Table 2 [29].

2.2. AMF Simulation

A3D electromagnetic model was established based on the base-
line structural parameters listed in Table 1. The short-circuit
current enters through the moving contact rod and exits through
the stationary contact rod. A measured short-circuit current
waveform was applied as the excitation source, with a peak
value of 57.7 kA. The current peak occurred at approximately
t = 0.111 s, whereas the current zero-crossing instant was at
t = 0.1 s, as shown in Fig. 2.
Figure 3 illustrates the distribution of the AMF within the

vacuum interrupter at the times of current zero-crossing and
peak current. As shown in Fig. 3, the maximumAMF in the en-
tire vacuum interrupter reached only 7.4×10−5 T at the current
zero-crossing instant. At this stage, themagnetic field primarily
consists of residual magnetism, and its driving effect on the arc
is significantly weakened. In contrast, when the short-circuit
current reached its peak, the AMF intensity increased substan-
tially, reaching a maximum of 0.301 T. The field is highly con-
centrated near the slot edges and cup finger roots. Conversely,
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FIGURE 2. Short-circuit current excitation is applied to the vacuum interrupter.

FIGURE 3. AMF distribution in the vacuum interrupter at current zero-
crossing and peak current moments.

the longitudinal magnetic field remained relatively weak in the
regions of the upper and lower contact rods.
Figure 4 further shows the AMF distribution in the con-

tact area at different moments during the short-circuit process.
From the contour plots of the three moments, it can be seen
that although the short-circuit current fluctuates constantly, the
AMF in the effective breaking area of the contact still main-
tains a high degree of axial symmetry, and the field strength
is always concentrated near the spiral slots. This indicates that
the contact geometry is a key factor in determining the distribu-
tion of the magnetic field. Therefore, the influence of contact
geometry on the AMF is crucial under short-circuit conditions.
To facilitate the analysis of the AMF distribution on the arc cen-
ter plane, a circular surface was defined at the center of the arc.
For further observation, a radial straight line was drawn on this
circular surface, which can directly quantify the AMF change
along this path, as shown in Fig. 5. Figs. 5(a) and 5(b) show the

AMF distribution contours on the arc center plane at the time of
short-circuit current zero-crossing and peak, respectively, and
(c) shows the AMF distribution curves along the radial straight
line for these two moments.
Figure 5 shows that the magnetic field strength at the peak

moment was significantly higher than that at the zero-crossing
instant on the center plane of the arc. During the peak of
the short-circuit current, the maximum AMF strength reached
0.128 T. In the radial direction of the arc center plane, the AMF
initially increased and then slightly decreased as it approached
the center, creating a highly symmetrical pattern across the cen-
ter plane. When the current crossed zero, the AMF strength
dropped below 40µT, and although the spatial distribution re-
mained centrally symmetrical, it was evident that the contact
had lost its ability to actively control the arc at this stage.
In this study, the Bz distribution curve along the radial

straight line on the center plane of the arc is further analyzed
through Fig. 5(c), and this difference is quantitatively demon-
strated: the curve is M-shaped at the peak moment, indicating
that the magnetic field is highly uniform in the core region; at
the zero-crossing instant, the curve is close to the baseline, and
the AMF strength is almost zero, only slightly rising at the cen-
ter position, which reflects the weak guiding effect of the struc-
ture itself.

3. STUDY ON THE AMF IN VACUUM INTERRUPTERS
UNDER DIFFERENT PARAMETERS

3.1. Influence of Different Parameters on the Maximum AMF in
Vacuum Interrupters
To systematically evaluate the influence of each parameter on
themagnetic field characteristics, the sensitivity of the four core
geometric parameters was studied through single-parameter
sweeps. In this study, four key geometric parameters of the
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(a) (b) (c)

FIGURE 4. AMF distribution on contacts under short-circuit conditions at: (a) 0.5 s, (b) 1 s, (c) 2 s.

(a) (b)

(c)

FIGURE 5. AMF distribution on the arc center plane: (a) zero-crossing current, (b) peak current, and (c) radial distribution profile.

contact system were selected: contact slotting angle α, cup fin-
ger angle β, slotting width d, and slotting length L. The angles
α and β primarily affect the current flow path in the contact
area, whereas the width d and length L are directly related to
the size of the effective conductive region. Improper design
of these four parameters can affect the magnetic field distribu-
tion and stability of the arc motion. Therefore, optimizing these
parameters is essential to enhancing the AMF strength and en-
suring reliable magnetic field support for the effective control
of short-circuit arcs.
To focus on the most severe electromagnetic load conditions

and ensure the comparability of results across parameters, all
single-parameter simulations were based on the current peak

instant (t = 0.111 s). The AMF distribution at this time best
reflects the magnetic characteristics under short-circuit condi-
tions, serving as a critical basis for the sensitivity analysis and
optimization. Owing to geometric constraints, the ranges of α,
β, L, and d are 18–26◦, 90–110◦, 10–20mm, and 0.5–3mm,
respectively. Using the data in Table 1, these variables were in-
dependently varied and calculated, with the simulation results
under short-circuit conditions shown in Fig. 6.
Figure 6 shows the individual influence of four key geo-

metric parameters on the maximum AMF strength. As shown
in Fig. 6(a), with the increase of the slotting angle α from
18◦ to 26◦, Bz.max showed a downward trend overall. When
α = 18◦, the AMF reaches a peak of 0.331 T. This is because
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(c) (d)

(a) (b)

FIGURE 6. Univariate effects of four key geometric parameters on the maximum AMF strength, (a) study α, (b) study β, (c) study L, (d) study d.

a smaller slotting angle α results in a larger effective cross-
sectional area for magnetic flux of the contact pad, which en-
hances the AMF in the central area. Furthermore, a larger α
alters the shape of the current loops in the contact region. The
induced eddy current paths are forced to close over a wider cir-
cumferential range, causing their reverse magnetic field com-
ponents to concentrate more on the center of the arc gap,
thereby partially canceling out the axial magnetic field gener-
ated by the short-circuit current excitation. In Fig. 6(b), there
is a clear monotonic increasing trend between Bz.max and the
contact cup finger angle β. In the process of increasing β from
80◦ to 110◦, Bz.max increased from 0.237 T to 0.357 T, repre-
senting the largest overall change. With the increase of the β
angle, this large-angle structure optimizes the reluctance distri-
bution of the magnetic circuit, reduces magnetic leakage, and
allows more magnetic flux to be concentrated in the arc region,
thereby more effectively generating AMF components. In Fig.
6(c), Bz.max increases with the increase of the slotting lengthL
of the contact finger and also shows a clear monotonic increas-
ing trend. When L changes from 10mm to 20mm, Bz.max in-
creases from 0.278 T to 0.301 T, representing a smaller overall
change. Increasing the slotting length L extends the effective
area of the AMF, which is conducive to increasing the mag-
netic field strength. Finally, in Fig. 6(d), there is a clear mono-

tonic increasing trend between Bz.max and the slotting width
d. When d increased from 0.5 to 3mm, Bz.max increased from
0.297 to 0.317 T, a relatively small increase. The increase in
the slotting width dmakes the overall current distribution more
uniform, which effectively promotes the AMF generation in the
contact area and increases the AMF strength.

3.2. Influence of Different Parameters on the AMF at the Arc
Center Plane
To further quantify the influence of these different parameters
on the AMF of the arc center plane, this study selects the zero-
crossing instant and current peak instant of the short-circuit cur-
rent, and analyzes the AMF distribution on the arc center plane
under different parameters based on the same radial path.

3.2.1. Influence of Contact Slotting Anglesα on AMF Distribution

Figure 7 shows the effects of different slotting angles α on the
AMF distribution on the center plane of the arc. As shown in
Fig. 7(a), the corresponding AMF d variation trend is the same
for different slotting angles. When α is the largest, the AMF
strength is the smallest, and when α is the smallest, the AMF
strength is the largest. The overall AMF strength decreased
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(b)(a)

FIGURE 7. Influence of different slotting angles α, (a) study peak current, (b) study zero-crossing current.

(b)(a)

FIGURE 8. Influence of different cup finger angles β, (a) study peak current, (b) study zero-crossing current.

(b)(a)

FIGURE 9. Influence of different slotting lengths L, (a) study peak current, (b) study zero-crossing current.

with the increase of α. However, the gradient of the AMF vari-
ation is small between different values of α. When the cur-
rent is at its peak, the stronger the magnetic field is, the more
conducive it is to a successful interruption by the interrupter.
As shown in Fig. 7(b), when α = 26◦, the residual magnetic
field at the zero-crossing is the smallest, and the overall residual
magnetic field at the zero-crossing decreases with an increase
in α.

3.2.2. Influence of Contact Cup-Finger Angle on AMF Distribution

In addition to the slotting angle α, the contact cup finger angle
β is an important geometric parameter in contact systems. As

shown in Fig. 8(a), the AMF variation gradient corresponding
to different values of β is large, and the change trend is the
same. When β is 110◦, the AMF strength is the largest; when β
is 90◦, the AMF strength is the smallest; and the overall AMF
strength increases with the increase of β. It can be seen from
Fig. 8(b) that the residual magnetic field at the zero-crossing
increases with an increase in β, and the change in gradient of
the residual magnetic field at the zero-crossing is also large.

3.2.3. Influence of Contact Slotting LengthsL on AMF Distribution

Figure 9 shows the effect of different slotting lengths L on the
AMF distribution in the arc center plane. As shown in Fig. 9(a),
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Position Position

FIGURE 10. Influence of different slotting widths d, (a) study peak current, (b) study zero-crossing current.

the variation trend of the AMF corresponding to each length
is the same. When L was 20mm, the AMF was the largest,
and when L was 10mm, the AMF was the smallest. Overall,
when the length L increased, the entire AMF strength also in-
creased. The gradient of the AMF variation was relatively large
between different values of L, and this gradient increased as L
decreased. As shown in Fig. 9(b), the variation pattern of the
residual magnetic field at the zero-crossing was diametrically
opposite to that of the peak magnetic field. When L is 20mm,
the corresponding residual magnetic field at zero-crossing is the
smallest; on the contrary, when L is 10mm, the correspond-
ing residual magnetic field is the largest, and the overall resid-
ual magnetic field at zero-crossing decreases with the increase
of L. This is because the longer the slot is, the stronger the
impedance effect is on the generation of eddy currents; there-
fore, the smaller the induced eddy current is, and the weaker
the opposing magnetic field it generates. Thus, the AMF gen-
erated by external excitation is more fully established. Further-
more, when the current crossed zero, the magnetic field residue
caused by the eddy current was smaller.

3.2.4. Influence of Contact Slotting Widths d on AMF Distribution

The influence of different slotting widths d on the AMF dis-
tribution on the arc center plane is illustrated in Fig. 10. The
results show that the AMF variation trend is the same for dif-
ferent values of d: when d is the smallest, the AMF strength is
the smallest, and vice versa. Furthermore, when d is 2.5mm
and 3mm, the overall AMF variation curves are identical. As
shown in Fig. 10(b), for d within the range of 0.5–3mm, the
residual magnetic field variation curves almost coincide. This
indicates that the change in the slotting width d has no obvious
effect on the residual magnetic field in this range.

4. ORTHOGONAL EXPERIMENTAL DESIGN AND SIM-
ULATION RESULTS
To optimize multiple parameters, an orthogonal experimental
design was used in this study. The levels of each factor were
optimized and screened according to the trends observed in the
single-factor tests, and the parameter ranges yielding the best
AMF strength were selected to improve the experimental effi-

TABLE 3. Orthogonal experiment factors and levels.

Factor Level1 Level2 Level3
α (◦) 18 20 22
β (◦) 100 105 110

L (mm) 15 17.5 20
d (mm) 2 2.5 3

ciency. The level settings for the specific parameters are listed
in Table 3.
To significantly reduce the computational cost and time, this

study employed an L9(3
4) orthogonal array comprising nine

simulation runs, as shown in Table 4. The orthogonal table re-
duced the 81 (34) of the whole factor test to 9 while ensuring
the accuracy of the analysis. In addition, to account for the
boundary effects near the optimal combination, 10 additional
simulation runs were added for extrapolation verification. All
the simulation cases maintained identical boundary conditions.
Table 4 shows that the Bz.max distribution of the 9 orthog-

onal runs ranges from 0.317 T to 0.380 T. The maximum AMF
occurs in Run 3 (α = 18◦, β = 110◦, L = 20mm, d = 3mm),
and the minimum value occurs in Run 1 (α = 18◦, β = 100◦,
L = 15mm, d = 2mm). The range is 0.063 T, indicating that
the combination of parameters has a significant effect on the
AMF strength of the vacuum interrupter. The AMF strength of

TABLE 4. Orthogonal experiment scheme.

No. α (◦) β (◦) L (mm) d (mm) Bz.max (T)
1 18 100 15 2 0.317
2 18 105 17.5 2.5 0.343
3 18 110 20 3 0.380
4 20 100 17.5 3 0.327
5 20 105 20 2 0.344
6 20 110 15 2.5 0.365
7 22 100 20 2.5 0.321
8 22 105 15 3 0.342
9 22 110 17.5 2 0.362
10 18 111 20 3.2 0.372
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Run 10 is 0.372 T, which is lower than that of Run 3. This in-
dicates that the magnetic field strength does not increase when
β > 110◦ or d > 3mm, suggesting the existence of an optimal
boundary. Moreover, when β = 100◦, the AMF is generally
low, preliminarily suggesting that β is the most critical factor
among the four.

5. RSM ANALYSIS

5.1. RSM Experimental Design
To further explore the nonlinear effects of each structural pa-
rameter on the AMF field of the vacuum interrupter and the in-
teractions among the four parameters, an RSM was conducted
using the BBD method, which was built upon the orthogonal
test optimization. The optimal parameter levels obtained from
the previous orthogonal test served as the central points, and the
factor levels for each parameter are listed in Table 5.

TABLE 5. Level coding table for the RSM.

Factor Level 1 (−1) Level 2 (0) Level 3 (1)
α (◦) 18 19 20
β (◦) 105 108 111

L (mm) 16 18 20
d (mm) 2.4 2.8 3.2

Based on the principles of BBD, a total of 29 experimental
runs were arranged. Table 6 presents a selected subset of the
experimental scheme and the corresponding simulated Bz.max.
Notably, the design included five replicate runs at the center
point to evaluate the pure error.

TABLE 6. RSM experimental scheme and results.

α (◦) β (◦) L (mm) d (mm) Bz.max (T)
18 105 18 2.8 0.351
18 111 18 2.8 0.388
20 108 16 2.8 0.363
18 108 20 2.8 0.373
19 111 18 2.4 0.372
19 108 20 3.2 0.370

Subsequently, MATLABwas used to perform a second-order
polynomial regression fit on the experimental data from the re-
sponse surface table. To evaluate the goodness of fit and pre-
diction reliability of the quadratic polynomial regression model
and to provide a comparative benchmark, both the RSM model
and a Kriging surrogate model were constructed and assessed.
The key statistical indicators are summarized in Table 7.
The analysis of variance results show that the coefficient of

determinationR2 is 0.8504. It indicates that themodel accounts
for approximately 85% of the total data variation. The gap be-
tween R2 and Adj R2 = 0.7007 reflects the presence of some
statistically less significant terms within the 15-term quadratic
polynomial, rather than overfitting. The RMSE of the RSM
model is 4.04 × 10−3 T, with a max relative prediction error

TABLE 7. RSM and Kriging surrogate model performance.

Indicator RSM Kriging
R2 0.8504 0.9999

Adj R2 0.7007 0.9998
RMSE 4.04e-3 1.27e-4

Max relative error (%) 2.97 0.10
Average relative error (%) 0.78 0.03

of 2.97% and an average relative error of 0.78%, indicating an
acceptable prediction accuracy within the design space.
To further validate the quality of the simulation dataset, a

Kriging surrogate model was also constructed using the same
29 design points. This Kriging model achieved anR2 of 0.9999
and an RMSE of 1.27× 10−4 T, with a maximum relative error
of only 0.10%, confirming that the underlying simulation data
possesses a high degree of consistency. Collectively, these two
models demonstrate the reliability of the optimization results
presented in this study.

5.2. RSM Analysis and Parameter Interaction Effects

To visually show the influence of various factors and their inter-
actions on Bz.max, this paper draws a three-dimensional RSM
map of key factors. Fig. 11 presents the 3D RSM plots for the
interactions between β and L (left), and β and d (right). From
the left plot, it is evident that there is a significant interaction
between β and L. When β is small, Bz.max increases mono-
tonically with the increase in slot length L; however, as β grad-
ually increases to higher levels, the response surface exhibits a
curved trend. When L continues to increase to larger values, its
enhancement effect on the maximum AMF Bz.max diminishes
and even shows a downward trend. This indicates that under
conditions of large cup-finger rotation angles, an excessively
long contact slot length leads to magnetic circuit saturation and
increased magnetic leakage, thereby producing a negative ef-
fect that offsets the gains achieved by increasing the L. From
the right plot, it is also clear that the interaction between β and
d is highly significant. In the case of large β angles, variations
in d have a drastic impact on Bz.max. The RSM predicts a
peak region near β = 111◦, suggesting that the optimal value
for d may not be at the boundary maximum but rather located
within an intermediate range. Based on this RSM, global op-
timization predicted a theoretical optimal parameter combina-
tion: α = 18◦, β = 111◦, L = 20mm, d = 3.2mm. However,
the simulation results of the 10th set of orthogonal tests show
that the AMF peak is 0.372 T, which is not the maximum AMF.
Considering that quadratic polynomials have extrapolation lim-
itations in the edge region of the parameter value, therefore, to
avoid this risk and find the true optimal solution, a more de-
tailed simulation test is carried out in the area near the theoreti-
cal optimal solution in order to avoid this risk and find the true
optimal solution. Based on α = 18◦ and β = 111◦, L and d
were moderately changed to explore the global optimum. The
detailed test results are presented in Table 8.
As shown in Table 8, the AMF peaks of the other three con-

figurations exceeded those of the boundary combination. In the
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FIGURE 11. RSM diagram of key factor interactions.

TABLE 8. Results of parameter refinement experiments in the boundary
region.

No. α (◦) β (◦) L (mm) d (mm) Bz.max (T)
1 18 111 20 3.2 0.372
2 18 111 20 3.1 0.378
3 18 111 20 2.8 0.384
4 18 111 18 3.2 0.364
5 18 111 18 3.1 0.371
6 18 111 18 2.8 0.388

axial view, L remained unchanged, and Bz.max increased as d
decreased. WhenLwas reduced from 20 to 18mm and Bz.max
increased to 0.388 T. This indicates that appropriately shorten-
ing the slotting length L optimizes the AMF distribution and
enhances the field strength. Based on this analysis, group 6 not
only avoided the unreliable boundary region but also yielded a
superior AMF peak. Therefore, by combining the RSM with
the boundary refinement verification, Group 6 was selected as
the final optimal design.
To evaluate whether the optimized design would negatively

impact the arc recovery phase, the residual axial magnetic flux
density at current zero was extracted from the existing transient
simulation results for both the baseline and optimized designs,
as summarized in Table 9. The optimized design increased
Bz.max by 28.9%, while the ratio of the residual axial mag-
netic flux density to Bz.max remained nearly constant. This
indicates that the proposed optimization method does not intro-
duce a high residual magnetic field at the current zero.

TABLE 9. Peak and residual AMF comparison for baseline and opti-
mized designs.

Design max (T) residual (T) residual /max
Baseline 0.301 7.40× 10−5 0.0246%
Optimized 0.388 9.49× 10−5 0.0245%

6. CONCLUSION
In this paper, a three-dimensional transient electromagnetic
field simulation model considering the measured short-circuit
current excitation is established for a vacuum interrupter, and
the influence of four key geometric parameters on the AMF
field distribution of contact slotting angleα, cup finger angle β,
slotting lengthL, and slotting width d is systematically studied.
Through univariate analysis, orthogonal test screening, global
optimization of response surface method (BBD), and boundary
refinement verification, the multi-parameter co-optimization of
contact structure is realized. The main conclusions are as fol-
lows:
(1) First, the results of single-parameter analysis show that

the influences of these four parameters on the AMF field and
the remaining magnetic field are different. Among them, β and
L are the main factors affecting AMF, and the AMF increases
significantly with the increase of β and L. The slotting angle
α negatively correlated with the AMF, which decreases with
the increase of α, but the change gradient is slow. The slotting
width d is saturated once it exceeds 2.5mm, and the AMF lift
is not large, remaining nearly constant.
(2) Second, in view of the complexity of multi-parameter

optimization, a phased optimization method of orthogonal test
preliminary screening, RSM analysis, and boundary refinement
verification is adopted. It is found that the influence of the an-
gle β of the cup finger on AMF is the most critical, and the
interaction between parameters is discussed through the further
analysis of the RSM quadratic regression model.
(3) Finally, the deviation of the theoretical optimal value is

corrected by using boundary verification. The optimal com-
bination of structural parameters obtained through the whole
phased optimization is: slotting angle α = 18◦, cup finger
angle β = 111◦, slotting length L = 18mm, slotting width
d = 2.8mm, under this optimal working condition, the maxi-
mum AMF strength of the vacuum interrupter at the moment of
57.7 kA short-circuit peak current reaching 0.388 T, represent-
ing a 28.9% increase compared to the benchmark model’s peak
AMF of 0.301 T.
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The phased collaborative optimization method proposed in
this study reveals the influence of complex contact structure
parameters on the AMF. The study provides a clear theoretical
basis for the refined design of high-performance vacuum inter-
rupters. The optimized contact structure significantly improved
the axial magnetic flux density, enhanced the breaking capacity
and arc diffusion efficiency at high currents, and offers valuable
guidance for the development of a new generation of compact,
large-capacity, long-life, and environmentally friendly vacuum
circuit breakers.
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