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I N T R O D U C T I O N :

Vacuum Interrupter Family: Rated Voltage 1.2 … 40.5kV – Short Circuit Current Interruption up to 63kA
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Introduction
Basics: Vacuum Interrupters in Electrical Power Systems

D. Gentsch

 Vacuum interrupters (VIs) play a critical role in electrical power systems, 
particularly at standard frequencies of 50/60 Hz:

However, their applications extend beyond these frequencies 
 Rail electrical power systems, operating at 16-2/3 Hz and 25 Hz, have also 

successfully utilized VIs for many years
 As the world transitions toward green energy sources, applications such 

as wind turbines, pumped storage, DC to AC converters in solar parks, and 
shipboard systems introduce new challenges. These systems can generate 
temporary fault conditions with very low frequencies, leading to 
prolonged arcing times and high transferred charge

Consequently, interrupting current at the precise moment of current zero 
(CZ) becomes increasingly difficult.
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Introduction
Basics: Vacuum Interrupters in Electrical Power Systems

D. Gentsch

In this study , we explore the performance boundaries of VI interruption across a range 
of frequencies, specifically, 2 … 4Hz. 
 Our ana lys is  is  b as ed  on t es t s  cond uct ed  a t  b o t h 16.7Hz and 50Hz
 Ad d it iona lly, we  exam ine  cont act  e ros ion ra t es  und er varying  current  leve ls , includ ing  m ult ip le  s hort -

circuit  op era t ions  a t 10-40kA rms (a t  50Hz) and  s evera l hund red  am p eres  (a t  2 … 4Hz)

Furt herm ore , we  inves t ig a t e  t es t  s eq uences  from  t he  g enera t o r circuit  b reaker s t and ard , includ ing delayed 
CZ and very high direct current (DC) offset t es t s .
 Thes e  t es t s  p rovid e  ins ig ht s  int o  VI b ehavio r und er cond it ions  e ffect ive ly eq uiva lent  t o  lower freq uencies

Fina lly, exp erim ent a l ob s erva t ions  a t 2 … 4Hz and 1300 … 2000A rms s hed  lig ht  on t he  im p act  o f m ult ip le  
int e rrup t ing op era t ions  on cont act  p erfo rm ance , m et a l vap or d ep os it ion on ceram ics , and  hea t  accum ula t ion 
wit hin t he  VI. 
 Our s t ud y encom p as s es  t hree  d iffe rent  cont act  s ys t em s  and  s izes

Understanding the intricacies of VI b ehavio r acros s  various  freq uencies  is  crucia l fo r d es ig ning  re liab le  and  
e fficient  e lect rica l s ys t em s .
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Introduction
Schematic representation of different modes of the vacuum arc

D. Gent s ch

Diffuse arc is evenly distributed over 
the entire contact surface to reduce 
thermal stress

Boundary condition: Short-Circuit Current: > 10kA

„TMF – Mode“

„AMF – Mode“

Transverse Magnetic 
Field (TMF)

Axial Magnet Feld (AMF)
*)

Contracted arc rotates to reduce 
the thermal load on the contact 
surfaces. The technical current 
flow direction is shown

+

-
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Introduction
Schematic representation of different modes of the vacuum arc

D. Gent s ch

Boundary condition: Short-Circuit Current: > 10kA

 Various arc modes TMF depends on current and gap

 Contact erosion influence by arc mode
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Vacuum interrupter in the loop of low frequency interruption
Basic circuit and interruption under low frequency current load

D. Gent s ch

Examples of compact vacuum interrupter :
Left side type: ABB

VG – Series : (24kV – 31.5kA – 2500A) – 217 mm; (36kV – 31.5kA – 3150A) – 238 mm
Right side type: SIEMENS

VSA12: – 0  – 40  (12kV – 40kA – 3150A) – 193 mm

VÍ s  used  fo r t he  ca lcula t ion of t he  int e rrup t ion p erform ance  b ound aries
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Vacuum interrupter in the loop of low frequency interruption
Basic circuit and interruption under low frequency current load

D. Gent s ch

Experimental setup :

1 – Hig h current g enera t or

2 – Hig h volt ag e g enera t or,

3 – Main co il

4 – Mod el vacuum int errup t er
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Vacuum interrupter in the loop of low frequency interruption
Simulation / Interruption under low frequency current load

D. Gent s ch

Single phase short circuit current injection ; DC t im e  cons t ant  (τ = L/ R) t o  45m s  re fe rence  a t  freq uency 
50 / 60Hz a t  40kArm s wit h T/2= 10ms com p ared  t o  low freq uency d irect  current  int e rrup t ion a t : 
A) 16.7Hz at  10kArm s – T/ 2= 30m s ; B) 4Hz at  2kArm s  – T/ 2= 125m s Integral I x dt dotted area a t  each curve
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Vacuum interrupter in the loop of low frequency interruption
Calculation / Interruption under low frequency current load

Simulation results compare 50Hz to 16.7Hz (A) and 50Hz to 4Hz (B) 

These simulations evaluate the VI’s ability to interrupt 40kA rms at 50Hz and at 
4Hz with 2000A rms

The three -phase simulation at 40kA rms provides insights into arcing 
time and transferred charge, calculated as:

C = ∫ I ⋅ dt (1)

where : C = t rans fe rred  charg e  (As ), I = current  (A), t = a rcing  t im e  (s )

At 50/60Hz , t he m axim um  t rans fe rred  charg e reaches  
ap p roxim at e ly 938As when t he  b reaker op ens  d uring  t he  firs t  ha lf-cycle  
accord ing  t o  eq ua t ion (1)

This is compared to values at lower frequencies , exclud ing  t he  
t yp ica l 35…45m s  op ening  d e lay of s t and ard  VCBs , which would  o t herwis e  
red uce  t he  DC com p onent . 

Charge transfer [C] at 50Hz/40A rms and at 4Hz/2kA rms

D. Gent s ch
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Vacuum interrupter in the loop of low frequency interruption
Calculation / Interruption under low frequency current load

The magnetic field configurations of TMF and AMF are designed to 
influence arc motion and distribution or arc energy E during current 
interruption, thereby enhancing the VI's performance under high -stress 
conditions

To evaluate the thermal stress imposed on the VI during current 
interruption, assuming a constant arc resistance, the energy input to the 
contacts can be quantified using the Joule integral, expressed as:

E = R ∫ I2 ⋅ dt (2)

where : E = is  t he  energ y d is s ip a t ed  (J), R = averag e  a rc res is t ance  (Ohm ), 
I = is  t he  ins t ant aneous  current  (A), t  = is  t im e  (s )

This integral quantifies the total arc energy deposited int o  t he  cont act  
s ys t em  and  vacuum  int e rrup t e r t hroug h res is t ive  hea t ing  d uring  t he  
a rcing  p has e . 

It  s e rves  as  a  crit ica l p aram et er for as s es s ing  t he  t herm al end urance  and  
e ros ion charact e ris t ics  o f cont act  m at eria ls  und er various  m ag net ic 
fie ld  config ura t ions .

Energy dissipation [J] at 50Hz/40A rms and at 4Hz/2kA rms

D. Gent s ch
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Vacuum interrupter in the loop of low frequency interruption
Results / Interruption under low frequency current load

Simulation on 40kA/50Hz
10kA/16.7Hz

Boundary Result on charge transfer and  
Energy

Single phase short circuit current injection; 
DC time constant ( τ = L/ R) t o  45m s  
re fe rence  a t  freq uency 50 / 60Hz a t  40kA 
rm s  wit h T/ 2= 10m s  com p ared  t o  low 
freq uency d irect  current  int e rrup t ion a t : 

A) 16.7Hz a t  10kArm s – T/ 2= 30m s

Integral I x dt dotted points a t  each curve

𝑪𝑪 = ∫ 𝑰𝑰 � 𝝏𝝏𝝏𝝏

Where: C is  t he  transferred charge in As , I is  t he  
ins t ant aneous  current  in A, and  t  is  t he  t im e in s . 
The int eg ra l is  p erfo rm ed  over t he  a rcing  p eriod

E = R ∫ I2 ⋅ dt

Where: E is  t he  energy dissipated (J)

R = averag e  a rc res is t ance  (Ohm ), I = is  t he  
ins t ant aneous  current  (A), t  = is  t im e (s )

D. Gent s ch

40kA – 50Hz – I x dt: 938C+73C = 1011C / / / 10kA – 16 2/3Hz – I x dt: 1153C+300C = 1453C
40kA – 50Hz – R I² x dt: 214kJ+8kJ = 222kJ / / / 10kA – 16 2/3Hz – R I² x dt: 118kJ+ 10kJ = 128kJ
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Vacuum interrupter in the loop of low frequency interruption
Results / Interruption under low frequency current load

Simulation on 40kA/50Hz 
2kA/4Hz

Boundary Result on charge transfer and  
Energy

Single phase short circuit current injection; 
DC time constant ( τ = L/ R) t o  45m s  
re fe rence  a t  freq uency 50 / 60Hz a t  40kA 
rm s  wit h T/ 2= 10m s  com p ared  t o  low 
freq uency d irect  current  int e rrup t ion a t : 

B) 4Hz a t  2kArm s – T/ 2= 125m s

Int eg ra l I x d t  d o t t ed  p o int s  a t  each curve

D. Gent s ch

40kA – 50Hz – I x dt: 938C+73C = 1011C / / / 2kA – 4Hz – I x dt: 184C+15C = 199C
40kA – 50Hz – R I² x dt: 214kJ+8kJ = 222kJ / / / 2kA – 4Hz – R I² x dt: 20kJ+ 0.7kJ = 20.7kJ

𝑪𝑪 = ∫ 𝑰𝑰 � 𝝏𝝏𝝏𝝏

Where: C is  t he  transferred charge in As , I is  t he  
ins t ant aneous  current  in A, and  t  is  t he  t im e in s . 
The int eg ra l is  p erfo rm ed  over t he  a rcing  p eriod

E = R ∫ I2 ⋅ dt

Where: E is  t he  energy dissipated (J)

R = averag e  a rc res is t ance  (Ohm ), I = is  t he  
ins t ant aneous  current  (A), t  = is  t im e (s )
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Vacuum interrupter in the loop of low frequency interruption
Results / Interruption under low frequency current load

Heat accumulation within the vacuum interrupter, compared to 50/60Hz application at 40kA  / @ 4Hz at 2kA – 10 times lower

D. Gentsch

Frequency Current Arcing time 
(T/2)

I dt
major loop

R I² dt
major loop

I dt
minor loop

R I² dt
minor loop

50/60Hz 40kA rms 10…8ms 938As 214kJ 73As 8kJ
16.7Hz 10kArms 30ms 1153As 118kJ 300As 10kJ

4Hz 2kArms 125ms 184As 20kJ 15As 0.7kJ
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Vacuum interrupter in the loop of low frequency interruption
High speed arc observation / Interruption under low frequency current load

40kA interruption @ 50…60Hz / Arcing time 8ms / 68mm Contact diameter / Contact stroke 10mm

D. Gentsch

Vacuum vessel

„TMF – Mode“
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Vacuum interrupter in the loop of low frequency interruption
High speed arc observation / Interruption under low frequency current load

2kA interruption @ 2…4Hz / Arcing time ~ 125ms / 68mm Contact diameter / Contact stroke 10mm

D. Gentsch

Vacuum vessel

„TMF – Mode“
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Vacuum interrupter in the loop of low frequency interruption
High speed arc observation / Interruption under low frequency current load

2kApeak interruption @ 2…4Hz / 68mm Contact diameter / Contact stroke 10mm

D. Gentsch
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Vacuum interrupter in the loop of low frequency interruption
High speed arc observation / Interruption under low frequency current load

2kArms interruption @ 4Hz / 68mm Contact diameter / Contact stroke 10mm

D. Gentsch

• Butt and TMF – Contact with CuCr 25-35 wt.% 
Arc images at the instants : 

• a) 2ms 
• b) 5ms
• c) 20ms
• d) 145ms

• After arc ignition 2000A rms (from top to bottom). 
Experimental conditions. 

• Anode on the top, cathode on the bottom. The total arcing 
duration is approximately 125ms ~ 4Hz. 

• At TMF contacts rotation of cathode spots are visible.

„TMF – Mode“
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Vacuum interrupter in the loop of low frequency interruption
High speed arc observation / Interruption under low frequency current load

1.3kArms interruption @ 2.4Hz / 68mm Contact diameter / Contact stroke 10mm

D. Gentsch

• AMF – Contact with CuCr 40-50 wt.%
Arc images at the instants : 

• a) 1ms
• b) 5ms
• c) 20ms
• d) 170ms 

• After arc ignition 1300A rms (from top to bottom).
• Experimental conditions compare. 
• Anode on the top, cathode on the bottom the total arcing 

duration is approximately 200ms ~ 2.4Hz

„AMF – Mode“
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Vacuum interrupter in the loop of low frequency interruption
Summary : 

D. Gentsch

 Vacuum circuit b reakers (VCBs ), o rig ina lly d es ig ned for 50 / 60Hz, have a ls o b een us ed in lower-freq uency ra il
ne t works

 In g reen energ y s ys t em s like wind t urb ines , p um p ed s t o rag e , s o la r convert e rs , b a t t e ry s t o rag e and s hip b oa rd
p ower t em p orary fault s a t low freq uencies lead t o long er arcing t im es b efore current zero

 An arcing event a t 4.0Hz with 2kArms result s in a cha rg e t rans fe r of 184As, which is fact o r 5 times less com pared t o
938As t yp ica lly seen in 50Hz systems at 40 kArms

This study identifies key factors for successful interruption :

• Contact erosion limit : Max. 2.5m m t o t a l

• Material erosion : Varies b y current ca t eg ory < 4kA and b et ween 4…10 kA

• Material transport : Neg lig ib le d uring op era t ion

• Contact heating : Up t o 450°C is accep t ab le fo r VIs

• Dielectric integrity : Maint a ined d es p it e a rc im p act on int erna l s urfaces .

Images of the cathode surface (top) and anode surface
(bottom) recorded at the instant of maximum current,
2000A

These results confirm the robustness and adaptability of VCBs and
switchgear fo r em erg ing low-freq uency us e cas es - s uch as in renewab le
energ y s ys t em s , s p ecia l ind us t ria l p roces s es or ra ilway ap p lica t ions .
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