
Paul G. Slade 

Theory, Design, and Application 

主讲人：刘志远 

西安交通大学电气工程学院 

High-Voltage Vacuum Interrupter 

Insulation Design 



1. Introduction 

2. External Design 

3. Electrical Breakdown in Vacuum 

4. Internal Vacuum Interrupter Design 

 

2013-08-30 Vacuum Interrupter Theory Design and Application  2 

Introduction 

External design 

Electrical breakdown in vacuum  

Internal vacuum interrupter design 
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High voltage vacuum 
interrupter 

insulation design 

Withstand an ac voltage 
for 1 min across the 

open vacuum interrupter. 

Withstand the basic 
impulse level (BIL) or 

lightning impulse 
withstand voltage 

(LIWV). 
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Voltage Rating according to ANSI, IEC, and GB/DL 
Standards 
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The basic impulse level (BIL) or lightning impulse withstand 
voltage (LIWV) voltage wave shape. 
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The external design of vacuum 
interrupters 



(1) The theory of breakdown in gas. 

 

The electron collides with the gas in two ways: 

 An elastic collision 

 An inelastic collision 

1. Dissociation（解离）: the process of splitting a molecule. 

 

 

2. Excitation and Relaxation（激励和弛豫）: the process by which 

light is emitted from the gas. 
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The theory of breakdown in gas 
 

 

3.   Ionization: the process that directly results in an electric arc.  

 

2013-08-30 Vacuum Interrupter Theory Design and Application  8 



2013-08-30 Vacuum Interrupter Theory Design and Application  9 

The theory of breakdown in gas. 
  
Possible interactions with a gas of an electron accelerated by 
an electric field. 



(2) The breakdown voltage of the gas gap. 

The breakdown voltage UB for a given gas with an ionization potential Ui is a 
function of the gas pressure multiplied by the contact gap (pd) alone.  

 

 

This is known as Paschen’s law. An example of Paschen curves in air and 
SF6 for contacts with a uniform electric field between them. 
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(3) Creepage distance 
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(4) Insulation ambient and encapsulation 
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A vacuum interrupter 
encapsulated in a 

polyurethane material 
（聚氨酯） 

(a)A vacuum interrupter directly 
encase in an insulated housing; 

（脂环族环氧树脂） 

 
(a)A vacuum interrupter encapsulated 

inside an insulated housing with a 
secondary potting material 

 

http://dict.youdao.com/wiki/聚氨酯/
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Units of the vacuum: 
 
The units by which vacuum pressure are given are somewhat confusing. 
The table gives the conversion factors which were used in vacuum.  



2013-08-30 Vacuum Interrupter Theory Design and Application  14 

Physical data for various ranges of vacuum: 
 
The vacuum interrupter usually operates in the vacuum range, 10−2–
10−4 Pa. 
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The breakdown voltage 
UB as a function of 
contact gap in vacuum. 
 
Here it can be observed 
that the value of UB seems 
to be reaching a limiting 
value as the contact gap 
increases above 100mm. 
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The ac and dc breakdown voltage as a function of 
pressure and contact gaps. 
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The typical characteristics of the conditioning curve 
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The 2-parameter 
Weibull 

The 3-parameter 

Weibull 

b-shape factor 
Θ-scale factor 
X0-thresold factor 
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2-parameter 
Weibull 

The 3-parameter 

Weibull 
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Four parts to understand vacuum 
breakdown phenomena in vacuum 

interrupters 

1.The electric field 

2.The conditions that lead up to the 
vacuum breakdown, that is, the 
prebreakdown effects 

3.The breakdown processes and the 
transition to the vacuum arc 

4.The transition to a self-sustained 
vacuum arc 
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E=βU/d 

β=βmXβg 

E=U/d 

(a) βm is an enhancement factor 
resulting from microscopic 

surface projections; 
(b) βg a geometric enhancement 

factor resulting from a 
nouniform field distribution      
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Examples of other surface effects that can give rise 
to a microscopic enhancement factor 
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The 50% breakdown voltage U50 as a function of 
contact gap and the contact’s surface center-line 

average roughness for Cu and Cu-Cr contacts. 
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The potential lines when a voltage 
is applied across the open. 

Geometric field enhancement factor βg 
as a function of the distance from the 
center of the contact and the contact 
gap for the structure shown in left  
Figure . 

 The breakdown voltage  in contact 
gap d can be calculated by the 

equation. 
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Pre-breakdown 
effects 

Field emission from 
the cathode 

Anode phenomena 

Micro-particles 

Micro-discharges 



2013-08-30 Vacuum Interrupter Theory Design and Application  26 

Field emission from 
the cathode 

Field emission current 
as a function of the 

applied voltage. 

Field emission 
current as a function 

of the contact gap 
field (U/d). 
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Field emission from 
the cathode 

The number of emission 
sites as a function of the 

voltage applied 

The number of emission 
sites as a function of the 

annealing 
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Anode phenomena 

One of the earliest 
hypotheses for the source of 

gas originated 
 from considering a narrow 

electron beam from the 
cathode impinging on a small 

anode area, heating it, 
releasing absorbed gases 
and eventually evaporated 
metal into the contact gap. 
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Anode phenomena 

The spread of the 
electron beam as it 
crosses the contact 

gap 
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Anode phenomena 

Schematic diagram of electron beam heating 
of the anode 
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Micro-Particle 

Distribution of 
micro-particles left 
on machined Cu–Cr 
contact surface after 
switching 1000 A, 
100 times. 
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Micro-Particle 

Schematic of a particle 
impact resulting on a 
crown of thorns structure 
on the contact surface 
plus the ejection of 
secondary micro-particles. 
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Schematic of a 
particle making an 
oscillatory passage 
across the contact 

gap. 

Micro-Particle 
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Micro-Discharge 

A current pulse 
seen during a 

microdischarge 
across a vacuum 

gap 
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Micro-Discharge 

The charge 
passed by a 

mircodischarge 
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Micro-Discharge 

Correlation 
between the 

mircodischarge 
initiation voltage 
and the ultimate 

vacuum 
breakdown 

voltage 
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Vacuum breakdown and transition to vacuum arc 
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Vacuum breakdown and transition to vacuum arc 
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Vacuum breakdown and transition to vacuum arc 
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Vacuum breakdown and transition to vacuum arc 
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Vacuum breakdown and transition to vacuum arc 
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Transition to self-sustaining vacuum arc 
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Transition to self-sustaining vacuum arc 
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Transition to self-sustaining vacuum arc 
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Transition to self-sustaining vacuum arc 
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Transition to self-sustaining vacuum arc 
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Transition to self-sustaining vacuum arc 
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Time to breakdown 
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Conditioning 

Spark Conditioning Using 
High-Voltage ac Power Supply 

Spark Conditioning Using 
High-Voltage Pulse 

Current Conditioning 
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Spark Conditioning Using 
High-Voltage ac Power Supply 

A typical high-voltage ac circuit for spark 
conditioning the contacts in a vacuum interrupter 

and a typical high-voltage spark conditioning curve 
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Spark Conditioning Using 
High-Voltage Pulse 

A comparison of BIL spark conditioning, ac spark conditioning, 
glow discharge conditioning and no conditioning using Cu–Cr 

contacts 
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Current Conditioning 

A comparison of ac spark conditioning and 
current conditioning using Cu–Cr contacts 
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The geometric enhancement factors for four places on the contact 
surface for the contact structure as a function of contact 

separation . 

Control of the geometric 
enhancement factor (βg) 
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Calculate the BIL voltage that can be 
withstood at larger contact gaps 
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Breakdown of multiple vacuum 
interrupters in series for contact 
gaps greater than 2 mm 

The breakdown voltage UB 

(1) as a function of contact gap d for a single-vacuum interrupter. 
(2) as a function of contact gap d  for three vacuum interrupters in series. 



2013-08-30 Vacuum Interrupter Theory Design and Application  56 

Voltage wave sharps and  
vacuum breakdown in vacuum 
interrupter 

The effect on vacuum breakdown 
voltage of the rate of rise of that 

voltage 
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Voltage wave sharps and  
vacuum breakdown in vacuum 
interrupter 
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Testing for high altitude 
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Right-hand side of Pashcen’s 
curve 

For d=10mm 
UB at sea level/UB at 5000m=1.56 

T- absolute temperature in degrees Kelvin 
P- atmospheres 
d- breakdown gap (meter)  



2013-08-30 Vacuum Interrupter Theory Design and Application  60 


