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Abstract
This article introduces a newly developed design method that may be utilized in modern high-voltage vacuum interrupter
(VI) design. At first, a typical 24 kV vacuum chamber is modeled using finite-element method. Potential and electric field
profiles are derived and analyzed in detail. To continue, the proposed approach which consists of twin metallic rings placed in
the porcelain tubular insulator is added to the previous model and the new model is analyzed in three steps: short-, medium-
and long-course scenarios. The achieved patterns illustrate the severe reduction in electric field value of the contacts’ surface
especially for long-course prototype (up to 74.2%). This phenomenon is discussed in detail. Considering the Fowler–Nordheim
quantum tunneling equation; a reduction in electric field intensity brings to lower field emission current value which is the
most important factor of breakdown during BIL tests. It is important to note that any reduction in electric field value results in
decrease in micro-discharge value and microparticle movement, which are the additional reasons for vacuum insulator failure
during high-voltage pulse insertion. This means that the inception voltage of the proposed VI can be increased so that higher
BILs like 63 kV insulation high voltage requirements are achieved. The reduction rate of field emission current density is
reduced to 4.9% of its initial value for or 120-mm course which expresses the effectiveness of this new approach.
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1 Introduction

Vacuum interrupters are the most utilized medium-voltage,
(V <36 kV), electrical apparatus for interrupting current
application in a distribution electrical networks since 1965;
the main reason is their heavy-duty, maintenance-free and
environment-friendly properties comparing with SF6 circuit
breaker. The current will be quenched at the first zero cross-
ing [1–9].

Dielectric behavior of vacuum circuit breaker (VCB)
seems to be more critical compared to SF6 apparatus. Low
BIL endurance is the main reason that this favorable circuit
breaker could not be erected in higher standard voltage levels
like 63 kV nominal voltage systems. BIL of a VI depends on
the pressure, the distance between electrodes and the mate-
rials used for electrode alloy for distances of about 1 cm and
pressures of about 10−7 torr; the dielectric strength ranges
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from 150 to 300 kV/cm. Change in contacts’ alloy and condi-
tioning the protrusions located on the contacts’ surface using
high voltage pulses are investigated in detail in previous tasks
[10–15].

Investigating breakdown mechanisms in vacuum illus-
trates that the main reason for ignition is electric field
intensity. Any effort which reduces, especially the micro-
scopic electric field of energized contacts, presents a new
way for higher BIL accessibility. The main goal of this arti-
cle is to demonstrate the new optimized design of modern
vacuum chambers with enhanced microscopic electric field
value that leads to higher BIL circuit breaker design [3, 8,
16–19].

2 Breakdown in vacuum

Breakdown phenomenon in vacuum has a very different
mechanism comparing with other insulating materials like
air and SF6. Breakdown phenomenon in vacuum relates to
pressure, distance and electrode types.
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Fig. 1 Dielectric strength of some insulators comparing with vacuum
[8]

A wide variety of circuit breakers (CB) are produced
and erected. But one of the most utilized switches espe-
cially after the early 1980s is vacuum type CB. Nowadays,
more than 80% of medium-voltage interrupters consist of
a vacuum chamber (rest are SF6 type). The main reason is
the maintenance-free superiority, heavy-duty operation and
especially environmental-friendly properties of this reliable
equipment [7]. During the separation of two contacts in a vac-
uum chamber, the produced metallic inter-electrode plasma
is dispersed and the metallic arc is extinguished at the first
current waveform zero crossing. Moreover, after quenching
of current there is a dynamic interval which lasts for about
15 µs, during this interval which is also named “post arc
interval”, the conductive hot plasma with temperature about
2–2.5 eVdisappears and the current is interrupted. It is impor-
tant to note that dielectric recovery process between the VI
contacts relates to the diffusion of metallic plasma medium.
If transient recovery voltage (TRV) originated from induc-
tive external current outstrips the dielectric recovery process,
the switch reignites and instantaneous vacuum breakdown
occurs resulting in unsuccessful operation of the switch.

Many investigations are performed to study the dynamics
of arc quenching process and inter-electrode plasma diffu-
sion process to modify the risk of failure and present better
understanding of the quenching arc mechanism [2–5]. One
of the most important terms in plasma modeling equations
is induced electric field intensity in the chamber. Further-
more, in the state of the open contact without inter-electrode
plasma, for 63 kV (72.5) level the dielectric strength of theVI
corresponding to IEC 62271-100 should withstand 345 kV.
But in the experimental tests for a typical a VI, the obtained
BIL result is illustrated in Fig. 1. Concerning curves in Fig. 1,
it is clear that BIL of a typical VI is less than 220 kV (regard-
ing to vacuum value inserted in the chamber). So this CB
type is not applicable at 63 kV voltage level [7].

For this reason, these types of interrupters are utilized only
at 36 kV nominal voltage level and below (specially 20 kV).

The investigations for achievement higher BIL are based on
utilizationof twoormore chambers in serieswith (orwithout)
parallel dividing voltage capacitors or utilization of contacts
with different alloys or nanotechnology structure.

In an open contact state, the breakdown occurs as a result
of one of the main reasons listed below [3]:

• Field emission which is described by Fowler–Nordheim
equation and demonstrates current emitted from cathode
contact originated from inter-electrode electric field.

• Anode phenomena it result from absorbed gases on the
contact surface or metallic vapor originated from anode
contact as a result of electron beam strike to the anode.

• Microparticles this factor indexes 20–80-µm metallic
surface-placed particles that accelerate regarding their
electric charge and inter-electrode-produced electric field.

• Micro-discharges it demonstrates 0.05–100 ms current
pulses discharging charge of contacts capacitance resulted
from inserted high voltage and inter-electrode electric
field.

2.1 Electric field impression

Excepting anode phenomena which affects the breakdown
phenomena relate to absorbed gases’ value on the contact
surface; all other breakdown factors are depending to electric
field value strongly. Particularly, field emission current value
as a main factor relates to the field as described in Eq. 1:

JF.N. � A

ϕB
E2e

−
(

Bϕ
3/2
B
E

)
(1)

JFN is the electronic current density in A/m2; A � 1.54×
10−6 AJ/V2; E is the electric field in V/m; ϕB is the work
function of material in eV; B � 6.83×109 V/mJ1.5.

In this equation, A and B are constants (in simplified cold
metals and alloys), ϕB demonstrates work function potential
of material (4.5 eV for cupper) and is the other constant
of Eq. 1; finally E is the value of inserted external electric
field intensity on contact surface. Electric field value is the
most important factorwhich affects the field emission current
significantly.

Themain goal of this article is to introduce a new approach
to reduce electric field value so that the output value of
Fowler–Nordheim equation reduces significantly.

3 Proposed procedure

As discussed before, a new proposed structural design is dis-
cussed in this section. The procedure is based on mounting
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Fig. 2 Schematic diagram of the proposed new VI design. Rings
mounted inside the porcelain (a), 3D schematic of the proposed arrange-
ment (b)

twometallic rings inside the porcelain housing of the vacuum
bottle as illustrated in Fig. 2.

Figure 2 shows two metallic rings are installed symmetri-
cally and surrounded by two internal contacts; as is illustrated
three sheds are also considered to increase creepage distance
in the stress region of the porcelain housing.

Two metallic rings which are desired to connect related
contact potential will affect and interact with internal elec-
tric field so that decreases resultant electric field value on the
contact surface. Then, using finite-element software the pro-
posed structure is simulated and the obtained electric field
values are discussed in details. It is important to note that we
aim to decrease electric field value in open contact status to
overcome the restrictions of low basic insulation level (BIL)
of a VI prototype regarding to IEC 62271-100.

Table 1 Boundary, domain conditions and material properties

Boundary domain Boundary condition

Cathode and its ring V � 0

Anode and its ring V � 24 kV

All boundaries of porcelain
with domain specification

Zero charge, ND � 0, εr � 7

Internal domain (vacuum) Charge conservation
E � −∇V , ∇ · (ε0εr E) � ρv

Contacts’ domain Cupper specification

4 Simulation and results

With utilization of proper FEM software (COMSOL), also
considering boundary conditions as listed in Table 1 and elec-
trostatic computational package, using21150mesh elements,
modeling process is performed to solve the problem.

The differential equation which should be considered is
Laplace equation (Eq. 2). It is important to note that the mag-
netic field analysis is ignored in this simulation because in
FN equation, only electric field factor is considered. Further-
more, BIL tests are performed only in open contact status of a
high-voltage circuit breaker that no current crosses from the
chamber. Also we ignore earth effect and other surrounding
equipment during this simulation.

∇2V � 0 (2)

In this article, three scenarios related to three different
contact distances are considered.

4.1 Long contact distance

The simulation results are presented in Fig. 3. It is illustrated
that the derived electric field value decreases in the proposed
design comparing to the basic structure. Particularly, near the
contact surface electric field value decreases intensively. It is
important to note that electric field stress is relocated from
contacts to the peripheral region which easily is tolerable and
can be controlled.

4.2 Medium contact distance

The obtained results for medium distance (30 mm) are pre-
sented in Fig. 4. As one gets electric field value also decreases
in the proposed design but the reduction value is smaller
comparing to the previous arrangement. Maximum value of
electric field in this arrangement is equal to 756,412 (V/m).
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Fig. 3 Derived patterns for potential and electric field values for com-
mon and proposed models (long contact distance, 120 mm)

4.3 Small contact distance

The simulation results for small course of contacts are pre-
sented in Fig. 5. For this arrangement, we obtain that the

Fig. 4 Derived patterns for potential and electric field value for common
and proposed models (medium contact distance, 30 mm)

electric field decrement only occurs in the peripheral region
of the contacts. In this simulation, the full course length is
considered 15 mm and the inter-contact electric field value is
doubled comparing to previous contact distances [2,077,985
(V/m)].

5 Discussion

FromFigs. 3, 4, 5 and 6, we observe that the idea ofmounting
twometallic rings in the peripheral area of a vacuumchamber
results in significant reduction in electric field value on the
contact surface. The results of reduction percentage for three
different contact courses are illustrated in Table 2. Regarding
the results of this table, it is clear that the proposed design
is effective especially for long distance between open con-
tacts (74.2% reduction rate for 120 mm distance between
contacts).

It is important to investigate the field emission current den-
sity change as themost important factor of cold breakdown in
vacuum chamber. Successful reduction in electric field in the
order of 74% results in the significant reduction in the field
emission current density on the order of 95.1%. Furthermore,
micro-discharge currents and microparticles which are other
breakdown reasons (as discussed in Sect. 2) relate also signif-
icantly to the electric field value as shown in to Table 2 which
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Fig. 5 Reduction of electric field
value for common and proposed
models for various inter-contact
distance (a 120 mm, b 30 mm,
c 15 mm)

also reduces significantly. Where all of the reasons of the
breakdown process in a vacuum interrupter, especially field
electron emission, reduce as discussed before, the inception
voltage which is checked by inserting an impulse waveform
to the vacuum chamber will increase regarding field emis-
sion current density reduction percentage; for example, for
30 mm inter-contact distance the increment of BIL voltage

rate theoretically is about 61.3%. The result is that the new
proposed arrangement design is very efficient especially for
long distance contact.
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Fig. 6 Derived patterns for potential and electric field values for com-
mon and proposed models (small contact distance, 30 mm)

Table 2 Electric field and field emission current density reduction per-
centage for proposed model comparing with a common prototype

Open contact
distance (mm)

Electric field
reduction (%)

Field emission
current reduction
(%)

120 74.2 95.1

30 35.4 61.3

15 9.7 21.6

6 Conclusions

This paper presents a new approach to enhance and develop
a modern design method for a vacuum interrupter regarding
reduction in the inter-electrode-induced electric field value,
aimed to significantly decrease field emission current den-
sity. This current is the main reason of vacuum insulation
failure. So the proposed procedure results in higher incep-
tion voltage level (increment of BIL value). The idea is to
equip the proposed prototype with two metallic rings placed
at the peripheral zone of the housing chamber (porcelain) and
connect them to the inserted potential of the related contacts
of the VI. Then, this concept was investigated in detail for
three various inter-electrode alternative courses.

At first, the geometry of a typical prototype and proposed
model was drawn using SolidWorks software and imported
to finite-element software in 3D format to solve the related
Laplace equation, with utilization of electrostatic module of
the FEM software considering proper boundary condition.
The simulation results for electric field value and potential
patterns were derived at three various contact distances (120,
30 and 15mm); the results demonstrate very interesting result
especially for electric field value. Especially for long courses
like 120mm, electric field reduces to 74.2%of its initial value
(comparing with the common prototype). As was discussed
regarding to Fowler–Nordheim field emission equation, the
electric field reduction rate can affect and significantly reduce
field emission current density to 4.9% of its initial value for
120 mm inter-electrode course (38.7% for 30 mm and 78.4%
for 15 mm). Field emission current is the main reason of
breakdown in cold contact vacuum interrupters. The main
reason that a VI is not applicable for 63 kV and above is this
factor which causes vacuum dielectric failure under 63 kV
BIL test. The result of this new proposed design is that the
inception voltage value increases significantly to the levels
that produced inter-contact electric field returns to its incep-
tion value in the common VI prototype. The results are also
discussed for three different contact courses which endorse
this new approach as a new effective design for modern vac-
uum interrupters.

References

1. Shemshadi A et al (2013) A novel approach for reduction of elec-
tric field stress in vacuum interrupter chamber using advanced
soft computing algorithms. IEEE Trans Dielectr Electr Insul
20(5):1951–1958

2. Shemshadi A et al (2015) Dielectric recovery process in vacuum
interrupters regarding to contact materials during post arc interval.
IEEE Trans Dielectr Electr Insul 22(5):3059–3064

3. Falkingham LT (2002) Fifty years of vacuum interrupter develop-
ment in the UK. In: 20th International symposium discharges and
electrical insulation in vacuum. pp 1–8

4. van Lanen EPA, Popov M (2005) Vacuum circuit breaker current-
zero phenomena. IEEE Trans Plasma Sci 33:1589–1593

5. Matsuo T, Fujimori H, Yanabu S (2006) Insulation recovery char-
acteristics after current interruption by various vacuum interrupter
electrodes. IEEE Trans Dielectr Electr Insul 13:10–17

6. Boxman RL, Sanders DM, Martin PJ (1995) Handbook of vacuum
science and technology. Noyes, Park Ridge

7. Slade PG (2008) The vacuum interrupter, theory, design, and appli-
cation. CRC Press, Boca Raton

8. Orama LR (2005) Numerical modeling of vacuum arc dynamics
at current zero using ATP. In: International conference on power
system transients. pp 155–160

9. Lieberman MA (2005) Principles of plasma discharges and mate-
rials processing, 2nd edn. Wily, Hoboken

10. Inan U (2011) Principles of plasma physics for engineers and sci-
entists. Cambridge University Press, Cambridge

123



Electrical Engineering (2020) 102:2075–2081 2081

11. Wadhwa CL (2007) High voltage engineering, 2nd edn. New Age
International, New Delhi, pp 10–12

12. Lide DR (2008) Handbook of chemistry and physics. CRC Press,
Boca Raton

13. Schumann U, Giere S, Kurrat M (2003) Breakdown voltage of
electrode arrangements in vacuum circuit breakers. IEEE Trans
Dielectr Electr Insul 10(4):557–562

14. Paschen F (1889) Ueber die zum Funkenübergang in Luft, Wasser-
stoff und Kohlensäure bei verschiedenen Drucken erforderliche
Potentialdifferenz (On the potential difference required for spark
initiation in air, hydrogen, and carbon dioxide at different pressures.
Ann Phys 5:69–75

15. Shemshadi A et al (2018) The requisition of auto synchronism for
vacuum interrupters during quenching arc interval. Latin AmAppl
Res 48(1):1–5

16. Kim B, Lee D, Parka K, Choi SR (2004) Prediction of plasma
etching using a randomized generalized regression neural network.
Vac J 76(1):37–43

17. Schwed JW et al (2010) Photon-enhanced thermionic emission for
solar concentrator systems. Nat Mater 9:762

18. Matsui Y, Nagatake K, Takeshita M, Katsumata K, Sano A (2006)
Development and technology of high voltage VCBs; brief history
and state of art. In: International symposium on discharges and
electrical insulation in vacuum (ISDEIV). vol 1, pp 253–256

19. HartmannW,Hauser A, LawaA, Renz R,Wenzel N (2010) The 3D
numerical simulation of a transient vacuum arc under realistic spa-
tial AMF profiles. In: 24th International symposium on discharges
electrical insulation in vacuum. pp 285–288

Publisher’s Note Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.

Asaad Shemshadi was born on 1
November 1979. He received the
B.Sc. degree from Shiraz Univer-
sity, in 2003, the M.Sc. degree
from Kashan University, in 2007,
and Ph.D. from Khaje Nasir
Toosi University of Technology
in 2014, Tehran, Iran, all in elec-
trical engineering. Since 2016,
he has worked as an assistant
professor and a member of the
academic staff of Arak University
of Technology. His main research
interests are: vacuum interrupters
design and analysis, high volt-

age simulations, DGA techniques, plasma modeling, high voltage
equipment optimized design, high voltage substations earthing and
transients in vacuum arc quenching process.

123


	A novel approach for basic insulation-level (BIL) enhancement of vacuum interrupters
	Abstract
	1 Introduction
	2 Breakdown in vacuum
	2.1 Electric field impression

	3 Proposed procedure
	4 Simulation and results
	4.1 Long contact distance
	4.2 Medium contact distance
	4.3 Small contact distance

	5 Discussion
	6 Conclusions
	References




