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the TRV across the open vacuum  
Interrupter contacts after the interruption 
 of ac current in a resistive circuit 

When a vacuum interrupter is 
called upon to open in an ac 
circuit, its contacts first part 
at a random point on the ac 
current wave 

Once the contacts have 
parted and the vacuum arc 
has formed, the arc will 
continue to the natural 
current zero of the ac current. 

At current zero, there is a 
very brief time when the 
contact gap changes from a 
relatively good conductor to a 
good insulator. 
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Schematic diagrams to show the TRV across the  
open vacuum interrupter contacts after the  
interruption of ac current in an inductive circuit. 

When the contacts open, 
the vacuum arc forms with 

an arc voltage, which 
continues to the natural ac 

current zero.  

At current zero, when the 
arc extinguishes, the 

circuit voltage will be close 
to its peak value. 

The shape of the recovery 
voltage that now appears 

across the open contacts is 
complicated by the small 

capacitance in all inductive 
circuit 
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Schematic diagrams to show 
the TRV across the open 
vacuum interrupter contacts 
after the interruption of ac 
current in the capacitive 
circuit. 
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The TRV showing three ways of measuring the RRRV. 

TRV   -the transient recovery voltage 
RRRV-the rate of rise of recovery voltage Any discussion of the 

changes in the contact 
gap after current zero 
should include the 
effects of a rapidly 
rising voltage pulse. 

Unfortunately, the 
definition of the value of 
RRRV varies with each 
researcher. 

For a vacuum 
interrupter designer, 
each way can be used 
without a problem.  
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Sketch of experimental circuit.  
 
C: Capacitor banks;  
L: Reactors; SW1: Main switch;  
SW2: Auxiliary switch;  
TSW: Test switch; R: Resistor;  
CVD: Capacitive voltage divider;  
VIS: Voltage impulse source; 
 RC: Rogowski coil; OSC: Oscilloscope. 

Waveforms around current zero point. 

A vacuum arc is 
established.  

 The current is 
interrupted. 

At a given delay 
following the arc 
extinction, a step 
function voltage 
pulse is applied.  
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The Weil–Dobke synthetic circuit for evaluating the interruption  
performance of a vacuum interrupter 

The researcher can 
closely relate the 

effects of the 
vacuum arc 

on the dielectric 
recovery of the 
contact gap at 
current zero for 

realistically shaped 
TRVs 
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The free recovery of the vacuum contact gap after a current of about  
200 A has been ramped to zero in <2 µs for a diffuse vacuum arc 

The recovery rate does 
depend on the contact 

material. 
 

The contact gap 
recovers to its full 
strength very rapidly. 
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The Cu vapor density for a 50 Hz, 500 A (rms) diffuse 
vacuum arc at the center of a 14-mm 
contact gap before and after current zero 

The Cu is about 
1017 atoms m−3  at 
current zero 

a pressure of less than 
about 10−2 Pa at the 
surface temperature of 
2150 K 

any breakdown of the gap 
has to be considered a 

“vacuum breakdown” 
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The vapor density of Cu and Cr from Cu–Cr contacts  
after current zero interrupting 50 Hz, ac 
currents of 1000 A (rms) and 2000 A (rms) 
: [○] Cu data, [△ ] Cr data 

You would not expect the residual metal vapor to play a role in the 
re-establishment of the vacuum arc between the contacts. 

The Cu vapor density in a 2-mm contact gap after the 
 current for a 200A vacuum arc is ramped to zero in <2 µs 
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Vapor Pressure of Contact Metals at Increasing Temperatures 

The ions and 
electrons will 
have exited 
the gap in a 

time of 1-2 µs 

The surface 
temperature 

will drop 
below 1000 ℃ 

After 
interrupting 

a small 
current 

The continued evaporation of 
contact material 
will be negligible 
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 Both the 
electrons and the ions 
are moving away from 
the last cathode spot. 

The ions continue 
their motion toward 

the new cathode, but 
the electrons 

reverse their direction 
toward the new anode 

Sheath 

The potential drop from the 
TRV will appear across the 

sheath 
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Schematic diagrams showing the current  
zero region and the development of the  
post arc current during the rise of the TRV. 

A : the area of the contacts 
vie :the velocity of the ions 
s :the sheath’s thickness 
e : the electron charge 
ni : the ion density 
Z : the mean ion charge 

 
 

For ac currents up to 2 kA (rms), 
the value of the post arc current 
is very small. Its duration is a 

function of the final contact gap 
at current zero. 

2013-08-30 16 



Vacuum Interrupter Theory Design and Application 2013-08-30 17 



Vacuum Interrupter Theory Design and Application 

The free recovery time to a voltage of  
38 kV as a function of vacuum arc current 

700 µs 

40µs 

7 µs 

The recovery time increases 
sharply with current until at 

12 kA 

The metal vapor density and the residual electric  
charge between Cu–Cr contacts after the 
interruption of ac currents 

There seems to be a 
sharp distinction between the 
stationary vacuum arcs below 

about 4 kA and those above 6 kA 
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Contact erosion of a Cu–Cr (40 wt%) contact after the  
interruption of 8 kA (rms) transition vacuum arc 50 times  
showing the shallow erosion craters 
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Paschen curve for a commercial vacuum interrupter 
 with an AMF contact 

It is imperative 
for the vacuum 

interrupter designer to 
ensure that the metal 

vapor density in the gap 
at current zero be less 

than about 1022 m−3 

A vacuum 
breakdown  

a gas-assisted 
breakdown  
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The Cu vapor density after interrupting currents 
 in the range 3–8 kA using Cu contacts with an 
 AMF contact structure 

In order to 
achieve this low-vapor 

density, a diffuse 
vacuum arc has to form 

as the current 
approaches current 

zero 

For ac currents above 
about 10 kA (rms), this 
is only possible if the 

AMF/TMF contact 
structures 

is used 
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The arc voltage for a 25 kA(rms) vacuum  
arc between AMF and TMF contact structures 

The distribution of the 
energy from a 30 kA 
(rms) vacuum arc is 
equally effective for 

both the TMF and the 
AMF contacts 

Arc voltage 
for AMF 

• smooth 

• low 

Arc voltage 
for TMF 

• unstable 

• high 
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A compilation of data taken from 12 vacuum 
 interrupter manufacturers, for both TMF and 
AMF contacts, of the interruption limit as a  
function of current, circuit voltage, and vacuum 
interrupter diameter 

The greater the 
vacuum interrupter’s 

diameter, the 
higher the current it 
can interrupt; also 

the higher the circuit 
voltage, the greater 
the required vacuum 

interrupter’s 
diameter to interrupt 

the same current. 
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The post arc currents (ipac) for both the AMF and the 
TMF contacts after the 25 kA (rms) vacuum 

arc are almost identical 

The columnar vacuum arc between the TMF contacts 
has transitioned into the diffuse mode long 

enough before current zero 
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The effect of di/dt on the (a) TRV and (b) post arc current 

The post arc current is 
shown to strongly 

depend on the di/dt 
just before the current 
zero and the dUR(t)/dt 

and UR(peak) just 
after the current zero. 
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The post arc current after the interruption of a  
vacuum arc as a function of circuit current for 
Cu butt and Cu AMF contacts 

18 kA (rms) 
for Cu butt 
contacts 

25 kA (rms) 
for Cu AMF 
contacts 

The post arc current after the interruption of a  
vacuum arc as a function of circuit current for 
Cu–Cr AMF contacts with different Cr content 

The highest Cu content (75 
wt%) gives the lowest îpac. 

failure to 
interrupt  

The Cu AMF contacts interrupt a 
higher current successfully with 
the same post arc current of Cu 

butt contacts.  
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The post arc current after the interruption of  
a vacuum arc as a function of circuit current  
for Cu–Cr butt contacts for two circuit currents,  
10 and 15 kA 

At 15 kA, the high 
current stationary 
columnar vacuum 
arc would have 

formed. 

At current zero, there 
would have been hot 

spots on the new cathode 
and a high enough density 

of metal vapor in the 
contact gap. 

Initiate a gas 
breakdown 
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The post arc current pulse as a function of 
opening time before current zero for an AMF 
contact structure, comparing experimental data 
with a calculation using the sheath model  

The opening time before the 
current zero has a 

marked affect on the value 
and duration of the ipac. 
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The expected interruption performance at  
the first current zero for Cu–Cr contacts  
Subjected to a high-ac current, as a function  
of the time before current zero the contacts 
 initially open 

The contact gap is 
small enough and the 
vacuum arc is still in 
the bridge column 

stage. 

The contact 

gap will break down 
below its full voltage 

withstand value 
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1 

• The residual plasma in the contact gap 
dominates the first stage after the current 
zero. It can be described using the sheath 
model. 

2 

• The vapor density dominates the second 
stage as the TRV increases after the post arc 
current has decreased to zero.  

3 

• The third stage is the full recovery of the 
contact gap to its full design high-voltage 
withstand value. 
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L :the load inductance, 
CL : the load side stray capacitance,  
LS : the inductance on the source side,  
CS :the source sidestray capacitance,  
l  : the small inductance,  

r : the resistance  
VI : the vacuuminterrupter 
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The voltage UL(t) on the load side  
of the vacuum interrupter for the  
peak of the supply voltage  
Upeak =−21 kV and iC = 3A, 
 L = 12 mH, CL = 800 pF. 

The TRV UR(t) across the 
vacuum interrupter’s contacts 
for the peak of the supply 
voltage Upeak =−21 kV and iC 

= 3A, L = 12 mH, CL =800 pF 
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Imposed high 
frequency 
current 

Schematic diagrams of the voltage escalation event 

Escalating 
voltage 

A schematic diagram showing the reignition of the 
main circuit current if there is a failure to interrupt 
the high-frequency current superimposed on it 

No 
current zeroes 

are obtained and 
the vacuum arc 
burns until the 
next ac current 

zero 
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Percentage increase in the peak of the TRV as a  
function of the chop current and the peak of 
the supply voltage Upeak = 10–34 kV and  
L = 12 mH, CL = 800 pF 

The percentage 
increase in the 
peak value of 
the TRV as a 

function of chop 
current. 
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 CAPACITOR SWITCHING 
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Example of opening velocity calculation to withstand TRV in 
capacitive switching 

 24kV   
  
gap=12mm 

Vacuum Interrupter Theory Design and Application 2013-08-30 38 

E1 =(design peak BIL/12 mm) 
     = 125kV/12mm 
     = 1.04 × 107 V/m 
 
E2 = (design peak 1-min withstand voltage/12 mm) 
      =1.414 × 50kV/12mm 
      =5.9 ×106 V/m 
 
E3 = (peak of the TRV/12 mm) 
     = (24kV/1.732) ×1.414 ×2/12mm 
     = 3.3×106 V/m 
 



The gross field (E =[capacitive circuit TRV/contact gap]) as function of time after 
current zero for contacts opening just before current zero to a 12-mm gap in a three-
phase, ungrounded, 24 kV circuit and of contact opening speed  
                   (0.5 ms−1 [◦], 1 ms−1 [△], 1.5 ms−1 [□], 2 ms−1 [▽]);  

Example 

 24kV   
  
gap=12mm 

Opening speed should be >2 m s−1 
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A single capacitor bank circuit 

LS: the inductance of the source 

LC: the local inductance in the capacitor’s cable 

(typical values : 10–30 μH) 

The contacts close a prestrike arc the inrush current 

ω = 2πf 

ZC = (LT/C)1/2 
LT =LS +LC 

ω0 = 1/(LTC)1/2 LT :μH and C :μF 

A single capacitor bank switching 
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Example 1: 

System voltage : 15 kV  
C:    60 μF,  
LS :  1 mH, 
LC :  20 μH 

Estimate iR1(peak)  fIR 

isc:  the system’s rated short-circuit current 

iL:   the capacitor bank’s rated load current  

Example 2: 

isc =  23 kA  
 
iL  = 196 A 

iR1(peak) =3 kA   fIR =0.65 kHz 
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 A back-to-back capacitor 
bank circuit. 

Back-to-back capacitor switching 

The local capacitor circuits 
dominate the inrush current 

LEX: the capacitor banks inductance 

         the bus inductance 

 

Example 3: 

C1 =C2 =C3 =60μF 

L1 =L2 =L3 =20μH LEX =20μH 

 System voltage: 15 kV 
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Capacitor banks are switched perhaps once or twice a day 

60% up to 300 times a year 

a further 30% up to 700 times a year 
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Standards 
 
 
 
 
IEEE(C37.04a-2003 
and C37.09a-2005) 
 
 
 
 
 
 
 
 
 
 
 
IEC (62271-100:2003) 

Inrush current : 20kA 4250Hz 
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Challenges from the high frequency inrush 
current arc v.s. power frequency  prestrike arc:  

1. 20kA inrush current for many circles v.s. 
power frequency current may not reach its 
peak during the prestrike period. 

2. 4250HZ  leads to prestrike arc changes its 
polarity many times for anode and cathode, 
however, it does not for a power frequency 
prestrike arc. 

3. A prestrike arc in a close operation shortens it 
length gradually until contacts mate. The 
vacuum arc is columnar mode v.s. an opening 
arc that lengthens and expends its volume. 
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(1)  restrikes is dependent on the energy of the prestrike arc; 

(2)  At the highest prestrike arc energy, there is a  
      30% probability of a restrike; 

(3)  there seems to be a lower limit of   
      prestrike arc energy below which the   
      probability of restriking is very low 

The probability of restrikes while switching a capacitor bank with Cu–Cr contacts 
after disconnecting a capacitor bank as a function of the prestrike arc energy 
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How to limit the inrush current ?     

First: permanently placing a fixed reactance   

One example of a current-limiting reactor for 
limiting the inrush current when a capacitor 

bank is connected 

Disadvantages: 
 
1 Increase energy losses 

 
2  reduce the effectiveness  
     of the capacitors  
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Second: momentarily inserting a current-limiting impedance 

A scheme for connecting a current-limiting impedance for 
connecting a capacitor bank 

(a) Both switches open (b) switch 1 closes while switch 2 remains 
open, the capacitor bank is connected with a 

limited inrush current 

(c) switch 2 is closed shorting 
the current-limiting impedance 

Disadvantages: 
 
      a complex switching and 
      coordination function 
 

Schematic 1: 
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Schematic 2: 
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 Schematic showing the use of a vacuum capacitor switch in 
series with an air, making switch to momentarily insert a 

current-limiting impedance. 



 Schematic showing the use of a vacuum capacitor switch in 
series with an air, making switch to momentarily insert a 

current-limiting impedance. 
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Third:  synchronizing the closing of the vacuum interrupter 

system voltage is close to zero 
 (a single capacitor bank) 

the parallel bank voltage is close 
to zero 
 (a back to back capacitor bank) 

Make permanent mechanism 

each phase must close 
separately 

(a three-phase system) 
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 The synchronous closing of a vacuum circuit breaker 
with magnetic mechanisms 

The lowest inrush current 

A magnetic mechanism on each phase 
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 The synchronous opening of a vacuum circuit breaker 
with magnetic mechanisms 

Long arcing time 

Conditioning 
contacts will be 
far enough 
apart withstand 
the peak 
voltage 

A magnetic mechanism on each phase 
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 Schematic showing the effect of a restrike at the capacitor 
switch when peak recovery voltage is reached. 

The worst case  
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restrike occurs at peak voltage 

current is interrupted at 
the first high-frequency 
current zero 

 Schematic of a worst-case scenario when the first restrike at the capacitor switch 
occurs at the peak of the recovery voltage and the high-frequency current is 
interrupted at its first current zero. It also shows the possible further voltage 
escalation events 

2  4  6PU … … 

1  3  5PU … … 
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A practical capacitor switch using a vacuum interrupter 
with Cu–W (10 wt%) contacts. (Courtesy Joslyn Hi-
Voltage.) 

a successful capacitor 
switch 

Peak recovery voltage:75 kV 

The inrush current :6 kA 

Spring Mechanism  

Vacuum Interrupter Theory Design and Application 2013-08-30 57 



First the three-phase capacitor bank neutral  
and the source neutral are connected 

the analysis presented 

Second the capacitor bank neutral is isolated 
from the source 

Different 

same  
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The Differences 

Case 1:  synchronous closing and opening 

Phase A: 

Phase B: 

Phase C: 

Maximum values 

Case 2: The three phases of the capacitor switch do not open and 
                                    close at the same time 

The peak voltage 

substantially higher 

the synchronous opening case 
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Much higher 

Possible reasons:  microdischarges, microparticles  

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



Examples of measured emission currents between Cu and Cr contacts after 
connecting a capacitor bank with an inrush current of 6.3 kA (peak) and 
disconnecting it. 

Greater Prestrike arc energy Greater βm 

Greater electron current 
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Similarly to a capacitor 
 
The capacitance is distributed  
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When a cable, with an open, remote end is disconnected, the 
interrupter switches just the charging current of the cable. 

Small 
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In the circuit breakers standards (e.g., IEC, IEEE/ANSI) these 
self-restoring, late breakdowns are termed NSDD 

NSDD:    Nonsustained Disruptive Discharges 

The occurrence of NSDDs during certification testing at the KEMA Testing 
Laboratory(Holland) in 1999 

greater than 30% 

over the whole range  
of circuit voltages 
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An example of an NSDD after the interruption of a single-
phase fault current 

EXAMPLE 1:   NSDD in a single-phase circuit  
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An example of an NSDD occurring on one phase after the interruption of a three-
phase fault in an ungrounded circuit. 

EXAMPLE 2:   NSDD in a  three-phase ungrounded system. circuit  
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 An example of an NSDD while switching a three-phase 
ungrounded capacitor bank 

NSDD can result in a shift of the neutral voltage 

In practice it may be 
prudent to install surge 
suppressors or lightning 
arresters 

EXAMPLE 3:   NSDD in a  three-phase ungrounded capacitor bank  
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NSDD  ---  No definitive physical explanation at present 

Experimental  observations : 

1 The occurrence of a late breakdown decreases exponentially 
with time after current interruption 

2    Late breakdowns can occur after switching all current levels 

3 The probability of late breakdown occurrence increases 
as the voltage impressed across the vacuum contact gap 
increases 

. 

. 

. 

. 

. 

. 
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I 
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The probability of CuCr25 contacts welding as a function of the closed contact force and 
the duration of the 20kA (rms) current 
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Current pulse through butt-shaped Ag-WC contacts showing the average current where 
blow-off force resulted in the contacts opening and the formation of a short high current 
arc. Here the contacts blow apart at 45kA and no welding is observed. 
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Schematic diagrams of vacuum interrupter contact closing 
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The travel showing contact 
bounce 

The prestrike breakdown, 
arcing , and arc formation 
during the contact bouncing 

The current flow through the 
contacts during contact closing 
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The maximum welding force as a function of the energy input into the contact spot 
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