Q CO KHi, DIEN - DIEN TU - T DPONG HOA

CONG NGHIEP MO

DESIGN OF A VACUUM CONTACT PAIR FOR 660/1140 V
SWITCHGEARS USED IN UNDERGROUND MINE POWER
NETWORKS

Tinh Chi Phung’, Tu Tai Vu """, Cuong Manh Dinh', Tung Hoang Phi’,
Hau Bich Thi Nguyen?, Quyen Duc Nguyen?®

' Weapons Institute, General Department of Defense Industry, Ha Noi, Vietnam
2 Hanoi University of Mining and Geology, 18 Vien Str., Ha Noi, Vietnam
3 Hanoi University of Industry, 298 Cau Dien Rd., Ha Noi, Vietnam

ARTICLE INFOR
TYPE: Research Article

Received: 27/9/2025
Revised: 28/10/2025
Accepted: 30/10/2025

" Corresponding author:
Email: vutaitu@gmail.com.

ABSTRACT

The vacuum contact pair located in interruption chamber (The vacuum contact pair) is the core

component of switchgears used in mining power systems. The design and evaluation process of the
vacuum contact pair are often influenced by empirical parameters. With the advancement of modern
technology, the application of numerical simulation tools in vacuum contact pair design has significantly
improved reliability and shortened the design time. This paper presents the analysis and design of a
vacuum contact pair using the finite element method (FEM) implemented in ANSYS software.
Experimental validation was conducted on a physical prototype to verify the theoretical results. The
findings of this study provide a solid scientific basis for domestic manufacturers to develop and produce
vacuum switchgears, contributing to the replacement of imported equipment for mining power systems.

Keywords: Arc-quenching chamber, Finite Element Analysis (FEA), Vacuum Circuit Breaker-VCB,

Vacuum contact pair.
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1. INTRODUCTION

Vacuum circuit breakers (VCBs) are critical
components in electrical distribution systems.
Especially in underground coal mines, the VCB
with 1140 VAC designed to interrupt high voltage
and currents resulting from short circuits or other
faults such as overcurrent or voltage also. The
interruption process involves the generation of an
electrical arc within the arcquenching chamber,
which must be extinguished rapidly to prevent
damage and ensure reliability. The behavior of the
arc, particularly under high currents, is complex
and often leads to arc constriction, resulting in
electrode melting and reduced interruption
capacity. To mitigate these effects, axial magnetic
felds (AMF) are employed to diffuse the arc,
enhancing the VCB’s performance. The arc-
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quenching chamber has been designed to avoid
sparking or deforming copper contactors [1].

The main design requirements for the vacuum
arc-interruption chamber in 660/1140 V mining
switchgear are summarized as follows:

a) Dielectric Withstand Voltage: The insulation
level must comply with the rated voltage of 1140V,
with appropriate creepage and clearance
distances designed according to applicable
IEC/EN insulation coordination standards. The
design shall ensure sufficient dielectric margins
under high humidity and dust conditions typically
found in mining environments;

b) Breaking and Short-Circuit Currents: The
vacuum contact pair located in interruption
chamber and its mechanical components must
withstand the arc energy generated during current
interruption. The design shall be verified according
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to the rated breaking capacity and short-circuit
current values specified for the switchgear system
and the vacuum interrupter manufacturer’'s data;

c) Operating Vacuum Level in chamber: The
internal vacuum pressure shall be maintained
within the limits recommended by the vacuum
interrupter manufacturer (typically 107 - 107¢ Torr);

d) The sealing and enclosure design must
ensure long-term vacuum retention throughout the
operational lifespan of the equipment;

e) Materials Selection: All materials used in the
chamber shall be chemically resistant, corrosion-
proof, and mechanically stable under mining
conditions;

f) The inner surfaces should minimize dust
adhesion;

g) Seals and gaskets must withstand
temperature variations, chemical exposure, and
repeated mechanical operations (closing/opening
cycles) without degradation;

h) Thermal Management: The design must
evaluate the heat losses due to current conduction
and arcing, and provide adequate cooling
mechanisms — either natural convection or forced
ventilation with dust-filtered air. The maximum
operating temperature must remain within safe
limits for both the vacuum interrupter and the
conductive terminals to prevent performance
degradation.

Finite Element Analysis (FEA) has emerged as
a powerful tool for modeling multiphysics
phenomena in vacuum circuit breakers (VCBs),
including the coupling effects of electromagnetic,
thermal, and fluid dynamic fields. This paper
employs the commercial FEA software ANSYS to
simulate the arc-quenching chamber of a VSm-
type VCB. The analysis focuses on the distribution
of electric fields and potentials within the contact
pair chamber. The objective of this study is to
provide a quantitative understanding of arc
behavior and to propose design improvements
aimed at enhancing the operational reliability and
arc-quenching performance of vacuum circuit
breakers [2], [3].

2. MATERIALS AND METHODS
2.1. Finite Element Method (FEM)

The magnetic field distribution in the magnetic
circuit and the surrounding space of the
electromagnetic mechanism is the solution of the
Poisson equation formulated for the
electromagnetic field of the motor model. This
model is developed based on Maxwell-Ampere’s
law. According to Maxwell-Faraday’s equation, for
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the steady-state condition of the electrical machine,
it can be expressed as follows [4]:
VxH=] (1)
where: J - DC current density flowing in the

electromagnet coil, A/m? H - magnetic field
strength, H/m.
magnetic field strength H related to
magnetic flux density B.
B = uou, H (2)
where: u, - permeability of vacuum; u,.- relative
permeability of the conducting medium.
Magnetic flux density B calculated via
vector quantities from the potential A:
B=Vx4 (3)
Substitute (2) and (3) into (1), we get
equation.
1 - -
VX(MMVXA)=] (4)
Equation (4) has the general form of
Poisson's equation, which can be interpreted in the

analytical model corresponding to the Oxyz
coordinate system as follows:

1 [9%A4  09%4  0%A
( +22)+/=0 (5)
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Solve (5), find A, then based on (2) and (3)
to calculate the magnetic flux density B and
magnetic field strength H as follows:

= > > 7 04, 0Ay\ . DAy
B =B+ B,j+B,k = (E‘a_;)”“(g‘

047\ » , (0Ay  0A\ 7
W)i+(GE-5)k ©
Given the applied voltage across the coil
terminals and the DC resistance of the winding, the
current density can be determined from the
following equations:
U=Rgi+L%; lac = (7)

where: U - voltage applied to the two poles of
the coil; Rqc - coil resistance; L- coil inductance; lqc
- current in the coil; Sqq - coil cross section.

The Finite Element Method (FEM) is a
numerical technique used to solve equation (5) to

determine the magnetic vector potential A, t from
which the magnetic flux density B and magnetic

field intensity H can be calculated using equations
(3) and (2), respectively. This enables accurate
determination of the magnetic field distribution in
space, providing valuable insights for designers
and operators in adjusting the parameters of the
electromagnetic = mechanism in  magnetic
separators to optimize the field distribution and
improve machine performance. The FEM
procedure consists of the following four
fundamental steps:
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a) Discretize the analysis domain into
subdomains (elements). These elements are
interconnected to form a computational mesh;

b) Select the interpolation (shape) functions
and approximate the solution within each element;

c) Assemble all elements within the analysis
domain to obtain the global system matrix;

d) Solve the global matrix equation using an
iterative numerical method.

To perform computations using the Finite
Element Method (FEM), digital computers and
specialized software programs based on the
mathematical foundations of FEM are required.

2.2. FEM model for vacuum circuit breaker

Figure 1. Vacuum contact assembly in VCB

A finite element model (FEM) of the vacuum
contact assembly was developed to simulate and
evaluate its operating characteristics. The FEM
configuration shows the vacuum contact assembly
in VCB (Fig. 1) and the magnetic actuator that
generates the attraction force (Fig. 2) [5]. In the
ANSYS model, a dense mesh is applied around the
electrode region to accurately determine the
electric potential gradient, thereby enabling
simulation of the formation of the cathode spot—
the initial stage of the vacuum arc discharge.
These simulation results provide a quantitative
foundation for understanding arc behavior during
the initial phase of the switching process.
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Figure 2. Electromagnet and the attraction
force

Based on the established FEM model, the force characteristics of the vacuum contact assembly were
analyzed under varying excitation currents supplied to the electromagnetic coil. The resulting

electromagnetic attraction force is illustrated in Fig. 3.

Ansoft Corporation

XY Plot 1

Solenoid

0.00

-10.00 5

-20.00 2 Curve Info

-30.00
-40.0047

1
-50.00

Force1.Force_z [newton)

— curr="1504'
= curr='300A'
— curr='450A'
— curr="600A'
— curr='750A'
— curr="9004'

= curr="10504'
] — curr="1200A" || |
00 0.10 — curr=13504' | 0.50

-60.00
0

0.20 0.30
deltagap [in]

Figure 3. Relationship between electromagnetic

force and electric current

Thermal—electromagnetic analysis reveals that
the maximum temperature region is concentrated
at the center of the electrode, reaching
approximately 12,000-15,000 K, while the
boundary region maintains a lower range of 4,000—
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Figure 4. Prototype Vacuum contact
assembly

6,000 K. This temperature gradient is consistent
with  spectroscopic camera observations in
practical arc-quenching chambers, confirming the
high reliability of the simulation model. The
combined results from ANSYS enable the
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development of a coupled-field model integrating
electric, thermal, and electromagnetic interactions,
providing a solid foundation for optimizing the
design of AMF-type vacuum arc-quenching
chambers.

The Lorentz force distribution within the model
clearly illustrates two opposite action regions: at
the cathode, the force is directed inward, leading to
arc constriction; whereas at the anode, the force is
directed outward, promoting plasma diffusion.
Consequently, the model demonstrates the
dynamic equilibrium mechanism of the arc column,
facilitating arc stabilization and faster extinction as
the current passes through the zero point.

2.3. Vacuum contact assembly in -VCB test
evaluation

To mitigate contact erosion and enhance arc
stability, this study proposes replacing pure copper
contacts with copper—chromium (Cu—Cr) and
tungsten—copper (W-Cu) alloys. These alloys
exhibit superior thermal resistance, reduced

material evaporation rates, and maintain electrical
conductivity comparable to that of pure copper.

i

Figure 5. Vacuum contact a.ss‘émblv in VCB,

Test Evaluation

The insulation test of the vacuum contact was
conducted at an applied voltage of 13.6 kVAC
using a high-voltage generator, as shown in Fig. 6.

According to the experimental results obtained,
during a single current interruption cycle at 30 kA,
the temperature of the copper contact increased by
approximately 1200 K, approaching the melting
threshold. A slight melting phenomenon was
observed at the cathode center, accompanied by
material evaporation at the arc periphery. These
phenomena are consistent with simulation results,
where the central electrode region exhibits
maximum current density and Lorentz force,
leading to the highest energy concentration.
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Several international experimental investigations
(conducted in Russia, Germany, and China) have
demonstrated that CuCr30 and W—Cu alloys can
reduce contact erosion rates by approximately 60—
70% and extend the electrical lifetime by a factor of
2-3 compared with conventional copper contacts
[6], [7]- To validate these findings, the research
team fabricated a prototype vacuum contact
assembly rated at 400 A and operating voltage of
660/1140 V, as illustrated in Fig. 4.

The model consists of five main components:
the fixed contact, moving contact, bellows, vapor
shield, and ceramic insulator, which are modeled
with axial symmetry (Z-axis as the symmetry axis).
All geometric dimensions are defined in millimeters
to accurately represent the VSm-type configuration.
The bellows are made of stainless steel, the
ceramic insulator is composed of Al,O3, and the
remaining parts are manufactured from high-purity
copper. The prototype vacuum contact assembly
was experimentally tested in the laboratory using
the experimental setup illustrated in Fig. 5.

|

Figure 6. High-voltage generator
of 13.6 kVAC

3. CONCLUSIONS

This study has demonstrated the effectiveness
and high accuracy of the finite element analysis
(FEA) method in simulating, analyzing, and
optimizing the arc-quenching performance of
contact pair in vacuum circuit breakers (VCBs). By
combining ANSYS tools, a coupled multiphysics
model (electromagnetic—thermal—fluid) was
developed to accurately represent the complex
physical phenomena occurring within the vacuum
interrupter. The results confirm that optimizing the
axial magnetic field and selecting appropriate
contact materials are the two most critical factors
in preventing arc constriction and enhancing the
interruption capability of VCBs under high short-
circuit current conditions OJ
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TOM TAT

Cum tiép diém chéan khéng la bd phén 16 clia céc thiét bj dong cat duoc st dung trong hé théng dién
md. Qua trinh thiét ké va danh gia cum tiép diém chan khéng thurong bj chi phbi boi cac tham sb kinh
nghiém. V&i s phat trién cta cong nghé hién dai, viéc ing dung cac céng cu mé phong s6 trong thiét ké
cum tiép diém chan khéng da gop phan nang cao do tin cay va rat ngan thoi gian thiét ké. Bai béo nay
trinh bay qué trinh phén tich va thiét ke cum tiép diém chan khéng bang phuong phap phén tw hitu han
(FEM) duoc trién khai trong phdn mém ANSYS. Viéc thi ngh/em da duoc tién hanh trén mé&u nguyén
mé&u vat ly nhdm kiém chung cac két qua ly thuyét. Két qua nghién ctru nay cung cép co sé& khoa hoc
viPng chdc cho cac nha sén xuét trong nudc trong viéc phét trién va ché tao cum tiép diém chéan khéng
str dung trong cac méy déng cét, gép phan thay thé thiét bj nhap khau phuc vu cho hé théng dién mé.

Tir khoéa: Buéng dédp hé quang, phén tich phén t& hitu han (FEA), may cat chan khéng-VCB, Cum
tiép diém chan khéng
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