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INTRODUCTION
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TiHE CURRENT LNT

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.

ERRUPTION PROCESS

Current

«—— Current through the

vacuum interrupter

Circuit

voltage

/ Arc voltage

\

! ¥

/

Voltage seen
across the contacts

Voltage

Contacts part

Time

the TRV across the open vacuum
Interrupter contacts after the interruption
of ac current in a resistive circuit
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CURRENT INTERRUPTION OF
INDUCTIVE CIRCUIY

Current through the

= vacuum interrupter
o
5
O
I
Circuit = = o
voltage |2~ TN Arc voltage Voltage seen across
7 \ the contacts
/
[ 7 A
g ! ‘o
= 1 | v
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=

Contacts part

!
\
A
\
\
Y

Time

Schematic diagrams to show the TRV across the
open vacuum interrupter contacts after the
interruption of ac current in an inductive circuit.
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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




CURRENT INTERRUPVION OF

CAPACITIVE CIRCUIT

U5 Up @) Circuit |, - peak
voltage L
I
[}
US @ C ;r
Contacts | * \‘
part s

r-\-
w
E{:
Current

Voltage

Schematic diagrams to show
the TRV across the open
vacuum interrupter contacts 0
after the interruption of ac
current in the capacitive
circuit.

Voltage on the capacitor

the corntacts, Ug—U,

Voltage seen across

e 2U —
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ViniEe DEFINIVION OF THIE VTRV

TRV -the transient recovery voltage

Any discussion of the RRRV-the rate of rise of recovery voltag

changes in the contact
gap after current zero RRAV3
should include the

effects of a rapidly RRRVT / RRRV2
rising voltage pulse. Peak of the / /

TRV Ug(peak)

900/9 Uﬁ(peak) sssssssssssssssssssssssssssssssnsnssnsnnnafannssennnfosaney ssssssssssmsmsssnssnsnssssssnsnsnnnnnnnnnns

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

RRRV1 = {Uﬁ(go) _UR(1O))JII’|{1
RRRV2 = (Ugpeak) 'tz
RRRV3 = (Ug(peak) /3

Voltage

For a vacuum
interrupter designer, 10% Un(pear

each way can be used
without a problem.

Time after current zero

The TRV showing three ways of measuring the RRRV.
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INTERRUPTION OF DIFFUSE VACUUM ARC FOR
AC CURRENTS BELOW 2xA (RMS)
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“FREE RECOVERY"” METHOD VO INVESTIGATE
ViHE DIELECTRIC RECOVERY BERAVIORS

L SW1 Sw2 R {0
Gl [ | |
°_°] °_°f { 30 \ S
4
TSW }CVD 20 4 Voltage Impulse 7 -20 %
1P Vs 2 :
C RC 5 104 40 %
A\ A g Interrupted Current %
0 al
- T 60 ©
A\ 10+ AT
(\_y : : i . . . . r . -80
0OSC 40 -30 -20 -10 O 10 20 30 40 50 60
Sketch of experimental circuit. Time(us)
C: Capacitor banks; Waveforms around current zero point.

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.

At a given delay
following the arc
extinction, a step
function voltage
pulse is applied.

A vacuum arc is The current is

established. interrupted.
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TiHE WEXL=DOBKE SYNTIRETIC CARCULT
TO UINVESTIGATE THIE DIELECVRIC
RECOVERY BERAVIORS

Impedance [ Isolation HV power supply
I_ switch insertion switch
Low voltage ac
power supply to Vacuum High frequency, low current, high
provide high interrupter voltage power supply; for example a capacitor
current under test bank and a tuned LC circuit

The researcher can
closely relate the
effects of the
vacuum arc
on the dielectric

Current

recovery of the
contact gap at
current zero for
realistically shaped
IS

Ug(t)

Voltage

U (peak)

Time
The Weil-Dobke synthetic circuit for evaluating the interruption
performance of a vacuum interrupter
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THE EXPERIMENTAL RESULTS USING
FREE RECOVERY METIHOD

100 The recovery rate does
£ depend on the contact
z % / / material.
= /7
S 60 L/
g /Y
¢ o)/
g /4 The contact gap
g 20 v recovers to its full
W/ strength very rapidly.

0 2 4 6 8 10 12 14 16
Delay time, us

The free recovery of the vacuum contact gap after a current of about
200 A has been ramped to zero in <2 ps for a diffuse vacuum arc
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ViREE METAL VAPOR DENSITY AFTER
INTERRUPTING A SMALL CURRENTY

1017 7 L%L

1016 \

\%&

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

|

Density of metal vapor from Cu contacts, m™=3

1018

a pressure of less than
about 102 Pa at the
surface temperature of

2150 K
1015 =~
1014
any breakdown of the gap -300 =100 0 100 300 500
has to be considered a . Time, us _
The Cu vapor density for a 50 Hz, 500 A (rms) diffuse
“wvacuum b = kd own” vacuum arc at the center of a 14-mm

contact gap before and after current zero
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ViRl FURTHER INVESTIGATION O
Vinlie METAL VAPOR IDENSITY

10'®

e o

E..
? E o
E I= -
s S i
AL AT T - %-E
; 1018 1 > T §] ZE T ﬂ
o i § 1015 T G X
© | § = \ 1 1
o 4
i g P
L 3
o £ L+
10'7 2 A
0.1 1 10 10 2
8 [ @) 1000 A (ms) | [ (0) 2000 A (rms) |

Time after vacuum arc extinction, us

[ 1 [ 1]
200 400 600 800 1000 200 400 600 800 1000
Time after vacuum arc extinction at current zero, us

10"+

The Cu vapor density in a 2-mm contact gap after the

current for a 200A vacuum arc is ramped to zero in <2 ys 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)
: [O] Cu data, [A ] 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.

Vacuum Interrupter Theory Design and Application 2013-08-30 13



T SURFACE TEMPERATURIE AFTER
INTERRUPTING A SMALL CURRENT
BELOW 2KA

Vapor Pressure of Contact Metals at Increasing Temperatures

Metal Vapor pressure (Pa)

300K 1000K 1360K 1500K 1750K 2000K 2150K 2300K
Bi <1078 5.3 13x 103 67x103 =103 =107 >10° >10°
Cu <1078  2x107% 53x1072 93x 10! 27 4x102 13x103  4x103
Cr <107% 12x107% 2x103 67x1072 53 133 6.7 x 102 2.7 x 10°
Ag <1078 53 x107* 2.7 40 13x 103 67x100 2.1 x10* 103
W <1078 <1078 <1078 <1078 <1078 <1078 <1078 27 x 1077

The surface
temperature
will drop
below 1000 C

Vacuum Interrupter Theory Design and Application

After
interrupting
a small
current

The continued evaporation of
contact material
will be negligible

2013-08-30

The ions and
electrons will
have exited
the gap in a

time of 1-2 us

14




VinE STAGE AFTER INTERRUPTING
A DIFFUSE VvACUUM ARC

Both the
electrons and the ions l Postarc anode |
[ﬂ] are moving away from .
the last cathode spot. |y
Electrons lons GB_EB_G)_GEG_BG_BEB EB _ea_&)_ezes
Neutral plasma
PODDDODOODDD U=0
Last Cathode | &~
cathode ceeOCODDODODD
spot
POOPDODODDDD
. . OO DOODODDDD s(t) | U=Ug(D)
(a) Just before current The ions continue $EB€BEB&B$EB&B$$$$‘\
zero their motion toward [ Postarc cathode ] AN

the new cathode, but
the electrons

reverse their direction
New cathode
;] toward the new anode

cucor] "The potential drop from the
[ New anoge ] TRV will appear across the
sheath

(b) Just after current
zero

Vacuum Interrupter Theory Design and Application 2013-08-30 15



POST ARC CURRENT MODEL

i| postarc
{| current time

Current

a(t)

Voltage

Ur(D)

Time

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

Vacuum Interrupter Theory Design and Application

A : the area of the contacts
Vi :the velocity of the ions
s :the sheath’s thickness

e : the electron charge

n; : 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




INTERRUPTION OF VACUUM ARC FOR AC
CURRENTS ABOVE 2xA (RMS)

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



INTERRUPTION OF VvACUUM ARC FOR AC
CURRENTS ABOVE 2 KA(RMS)

1022
] ---.--.--.--.--j;_/ _______________________
1021 —

1020 ?f% / 10°
10° % 102
¢
Q
1 018 ﬁ’v 10
17 /<>/C
10 T — 1
0.1 1 10 1 10
Current, kA Interruption current, kA (rms)

1000

100

Recovery time, us

—
o

i ‘abieyo [enpisay

N
g =
(7]

Density of metal vapor from Cu—Cr contacts, m2

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

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

There seems to be a
sharp distinction between the

The recovery time increases

sharply with current until at
12 kA

stationary vacuum arcs below
about 4 kA and those above 6 kA

Vacuum Interrupter Theory Design and Application 2013-08-30 18



TR PRHOTOGRAPKH AFTER RIGH
CURRENT INTERRUPTIONS

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

Vacuum Interrupter Theory Design and Application 2013-08-30 19



ViHE TIHEORY FOR ThiE HIGH CURRENT
INTERRUPTION

It is imperative
||
for the vacuum

TR interrupter designer to
ensure that the metal

u at current zero be less
than about 1022 m—3

\ vapor density in the gap

=

Breakdown voltage, kV

A~ O —

2

-1
10 - . - - A vacuum
107" 2 4681 10 10 10 10

‘ breakdown
Paschen curve for a commercial vacuum interrupter

Pressure x distance, mbar mm
with an AMF contact

p d a gas-assisted '
— breakdown
nd = —m™?

kT

Vacuum Interrupter Theory Design and Application 2013-08-30 20



ViRE EFFECT OF AMIF

In order to
achieve this low-vapor
density, a diffuse
vacuum arc has to form
as the current
approaches current

Z€ero

2 "‘".j\ ~ o..__,“ﬁ““Q
e |

" .

For ac currents above
about 10 kA (rms), this
is only possible if the
AMF/TMF contact
structures

is used The Cu vapor density after interrupting currents
in the range 3-8 kA using Cu contacts with an
AMF contact structure

0 100 200 300 400 500
Time after vacuum arc extinction at current zero, us

Densitflpf metal vapor from Cu contacts, x101’ m™=

Vacuum Interrupter Theory Design and Application 2013-08-30 21



INTERRUPTION OF HIGH
CURRENT VACUUM ARCS

Vacuum Interrupter Theory Design and Application 2013-08-30 22



INTERRUPTION OF RIGH=-CURRENT
VACUUM ARCS

40

s — \\ Al;c vc;‘ll’E/IaFge Arfc Vc‘i'lIE/IaFge
% B / \\ or or
(@]
07 A e smooth e unstable
Arc voltage AMF contact structure ® |OW ® hlgh
100

Arc

>

o) I Fully diffuse vacuum arc
g

g o0 L

Arc voltage TMF contact structure

300 |
|
Diffuse [
>n 200 fL/A\ Vag':;m ]
g T ] > -~
<s 100 l Running N\/Aj\ . . .
S /’|  columnar The distribution of the
> vacuum arc
0 —r N\ energy from a 30 kA
¢ 4 e s e (rms) vacuum arc is
e lly effective f
The arc voltage for a 25 kA(rms) vacuum €qually efrective ror
arc between AMF and TMF contact structures both the TMF and the

AMF contacts
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Shortcircuit interruption current, kA (rms)

A COMPILATION OF HIGH=-CURRENY
INTERRUPTION PERFORMANCE FOR

TMIF ANID AMF CONTACTS

80 =
70 1==T"
60 4= -
50 -
40 -

30 =

20 - -
10 | Circuitvoltage 12-17.5kV |
I I I [ I I

40 —
30 s
20 PR

10 |—== | Circuit voltage 24-27 kV ||

40 e
30 =
20 =

-

10 [ * | Circuit voltage 36-40.5kV [

60 80 100 120 140 160 180
Vacuum interrupter diameter, mm

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

Vacuum Interrupter Theory Design and Application 2013-08-30

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.

24




POST ARC CURRENT FOR AMF AND viMF

5 5
e Q:_ o<
725 © SE o0
82 2 o
3 . 3
- -5
0 0 —
g ‘“\\ ] ] ~ T 1
8 i -20 | ~— UShiS|d{” — ga; =20 _"""""'--..._-_____ UShiE!ld(ﬂ
2 a \.\_ 8 < N
£ g 40 ~ o5 —40 ~
— +«— O
B3 Ur(t) . g < Us(t) S~
= o
—-80 — -80
0o 1 2 3 4 5 6 7 8 9 10 0o 1 2 3 4 5 6 7 8 9 10
Time, us :
(a) AMF contact s B (b) TMF Contact Time, us

The post arc currents (i,,.) 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

Vacuum Interrupter ITheory De g Applicat 013-03-30




POST ARC CURRENT AND HIGKH-
CURRENT INTERRUPTION

0
s _ X\ ’]j AU The post arc current is
g% 20 N 2
iy \x/ shown to strongly
5< \ Pt depend on the di/dt
c T~ .
s \// —T T just before the current
60 =01 (s zero and the dUg(t)/dt
1 ~ .
0 N 2 |2 | and Ug(peak) just
Ag=— b e after the current zero.
B\ N
A
g% \;.///
\[7/
60 \Z (b) Postarc
current
80_2 0 2 4 6 8

Time, us

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

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



POST ARC CURRENT AND HIGKH-
CURRENT INTERRUPTION

failure to 25 kA (rms)
interrupt for Cu AMF
contacts
20
< . T Cu—Cr (50 wt%)
3 £ 15 Cu—Cr (40 Wt%)
] Q
= < 10 74
§ g A %g}%&—"‘
x @ Butt contacts 3 A
P 5 O AMF contacts ] a 5 )
18 kA (rms) A Denotes failure to interrupt it ©) | | it (D)
for Cu butt [ | U - = = o
contacts 10 20 30 40

Interruption current, kA (rms)
Interruption current, kA (rms)

The post arc current after the interruption of a  11€ Post arc current after the interruption of a
vacuum arc as a function of circuit current for  Yacuum arc as a function of circuit current for
Cu butt and Cu AMF contacts Cu-Cr AMF contacts with different Cr content

The Cu AMF contacts interrupt a

higher current successfully with e [lglu=sic G @sniet (72

e A
the same post arc current of Cu Wt%) gives the lowest Iy,

butt contacts.

Vacuum Interrupter Theory Design and Application 2013-08-30 27



POST ARC CURRENT AND HIGKH-
CURRENT INTERRUPTION

Transient recovery

Postarc

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

Vacuum Interrupter Theory Design and Application

201

150 ! ——
NS
2 ’ : The breakdown level
%“ 100 i after the 15 kA arc
T |
g 50 //
|
0 — |
30 l,
20 ,/’.
P = I fp1a§ if;er the

10 - | arc
< / i I
3 0 - ! inac after the
2 ! 10 kA arc
=
° I

10

10 0 10 20 30

Time, us

3-08-30

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

28




POST ARC CURRENT AND HIGIH=

CURRENT INTERRUPTION
0 pa —
£ >% 25 i S
T g %" \‘-_
Egs ~
F=8 75
2
\ e
a (i) (ii) (i) | (iv)
= - The
eyl B
%’%E 2 VJ.,J/ mm’ cogtaﬂ\ i=0,
o 8 £ art, ms
= 3 . 'ﬁ\,\ ‘ P
</ ~ i |1.8-2.0| 38 1.8
6 i 4 76 | 27
2 iii 7.5 69 4.5
N ©)
(i) ()| i) | (v) iv 10 13 6
N
s §§ -2
B
R V“‘*‘“---’ The opening time before the
-+ o 1t 2 8 4 5 8 current zero has a
Time, us
The post arc current pulse as a function of marked affect on the value

opening time before current zero for an AMF
contact structure, comparing experimental data
with a calculation using the sheath model

and duration of the ip,..
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INTERRUPTION OF AC CIRCUITS WHEN
CONTACTS OPEN JUST BEFORE CURRENT
ZERO

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



Reignition voltage, kV

INTERRUPTION OF AC CIRCUITS WiAEN
CONTACTS OPEN JUST BEFORE
CURRENT £ERO

; ; Probability of Interruption at the First Current Zero as a Function of the
Reigniﬁondusua"y i ! Contact Parting Time before Current Zero for One Style of TMF Contact,
occurs an ! :
~90 kV |- another ha"cyde g : Vacuum ]I‘Itel‘l‘uptel‘
of arcing follows /* | Reignition | |y probabil
! occurs with ! of r':ignilion y Time to the Probability of
i decreasing | and the current Contact first current interrupting at
| probability | is interrupted at Experiment part is zero (ms) first current zero
| as the arcing | the first ac
i ?ime i current zero A Shortly before CZ 0-3 Nearly zero for all currents
i increases i B Around current peak >3-6 30-80%
| ! 70-80% through 36 kA
~20kV i i 30% at 40 kA
i ! 35-55% above 40 kA
! ! C Just after one current =6 Nearly 100% through 40 kA
I I
3 About : About : About : zero and before current 60-85% above 40 kA
0-2ms 1-3ms >3 ms peak

Arcing time before current zero of a 50 Hz current
(corresponds to the contact gap at current zero)

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 The contact gap is

The contact
initially open small enough and the

gap will break down

vacuum arc is still in
the bridge column
stage.

below its full voltage
withstand value

Vacuum Interrupter Theory Design and Application 2013-08-30 31



THIREE STAGES OF CURRENT INTERRUPTION

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

~N

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

Y,
~
e The third stage is the full recovery of the
contact gap to its full design high-voltage
withstand value.
J
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A SCHEMATIC DIAGRAM OF AN
INDUCTIVE CIRCUXT

Cs C.

L :the load inductance,

C, : the load side stray capacitance,
Ls : the inductance on the source side,
Cs :the source sidestray capacitance,
» 1 the small inductance,

r : the resistance

VI : the vacuuminterrupter

Vacuum Interrupter Theory Design and Application 2013-08-30 33



TiHE ANALYSILS OF INIVIAL VTRV ACROSS
TiHiE CONTACTS

b

(a) ®) Chop current

5 [Ghop aurent < o Lorop urent]
< a—
2 [ 5
g 5
= O 0
3 38 10

DR ™\ -
20 ;’7<\ 0
| i(L/G)"sineyt | / 4
10 /‘ / ’TL(peak) 5 —10 \\
r N
0 P -20 \ Un(peak)

~
/ ’é /N
Y= N

TRV across the contacts, kV

Voltage on the load side contact, kV

0 n = 3 m b= 0 = =m 3r Tm™ br
4 2 3 4 4 2 4 4
o t

The voltage U, (t) on the load side The TRV UR(t) across the
of the vacuum interrupter for the vacuum interrupter’s contacts
peak of the supply voltage for the peak of the supply
Upeak =—21 kV and iC = 3A, voltage Upeak =-21 kV and i,
L =12 mH, CL = 800 pF. =3A,L =12 mH, C, =800 pF

Ur(t) = Upeak — [Upeak cos(wrt) £ ic[L/CL]"* sin(wp1)].

Vacuum Interrupter Theory Design and Application 2013-08-30 34



TiRE RESULTS OF TiHE ANALYSIS

f i g

2 e 0 i :
I l/ Imposed high
F | , frequency
53| @

3 current

g :“_—J Uc n [m] Im|

23 al | JC

8¢

EE \‘— Escalating

:%J,,g Ug: voltage

s g (0) Usz Uss

g5 Baamr , Escalating
%é e i3

HE voltage

Time

Schematic diagrams of the voltage escalation event

o)
current zeroes
are obtained and

o

the vacuum arc

burns until the

next ac current
Zero

Current through the
vacuum interrupter

Time
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
Vacuum Interrupter Theory Design and Application 2013-08-30 35




ThiE RELATION BETWEEN ChHOP
CURRENT AND TRV,

Upeak

80 10 kV
2 /
£ 5 // The percentage
% 50 / increase in the
< pd peak value of
: . P Pz 17k the TRV as a
% N /’ B /: Az func;c:frlleonftchop
£ 10 // é/_f____.;- 34 kV .
5 i/5_..—"’--"—--'“"‘______..-----——-"“

0 1 2 3 4 5 6
Chop current, A

Percentage increase in the peak of the TRV as a
function of the chop current and the peak of
the supply voltage U, = 10-34 kV and

L=12 mH, C, = 800 pF
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INTERRUPTION OF CAPACITIVE
CLRCULT

© LOW-CURRENT INTERRUPTIONG OF CAPACITIVE
CIRCUITS

© SWITCHING CAPACITOR CIRCUITS

@ LATE BREAKDOWN AND NONSUSTAINED
DISPURIVE DISCHARGES

@ CAPACITOR SWITCHING

Vacuum Interrupter Theory Design and Application 2013-08-30 37




Example of opening velocity calculation to withstand TRV in
capacitive switching

24kV Upeak [ 1 — cos (w1)] < Eo.
d (1)
gap=12mm
E1l =(design peak BIL/12 mm)

= 125kV/12mm
= 1.04 X 107V/m

E2 = (design peak 1-min withstand voltage/12 mm)
=1.414 X 50kV/12mm

5.9 X109V/m

E3 = (peak of the TRV/12 mm)
= (24kV/1.732) X1.414 X2/12mm
= 3.3X10°V/m

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



Electric field, V.m-1

2
Example E,= PeakBIL
Contact gap E, =1.04x 107V m-
_____Tf.l'?-__ I e | ____}-—_’i)_.-___{)-_—:i“}“-_‘(:‘\________ ____________________
24kV E,=acwithstand | g g
Contact gap & b Y)\ .EE =5.0x 108V m-!
= e
- E,= U (1-cosQ (f) —7 ~
gap Contact gap 4 ~ E,=3.3x 108V m-
B = T N
I/ | X
d ) crit -
i \,:Qv
108 N
8 l }l_l / Contact | Contact Contact \\FW
/—{‘-/)7 gap gap gap
6 712 mm 12 mm 12 mm
/ opening | opening opening
20ms' |1.5ms™ 10ms™
v
(7/2 3 4 5 6 7 8 9 10 11 12 13 14
Time after current zero, ms

Opening speed should be >2 m s-1

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

(0.5ms1[-],1ms i1[A],1.5ms 1[(],2ms 1[V]);
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SWITCHING CAPACITOR CIRCULTS
INSERTING CAPACITOR BANKS

Vacuum

, Intorrupter A single capacitor bank switching
S Lc

(YYY\_ "o Y Y

Ls: the inductance of the source

C Lc! the local inductance in the capacitor’s cable
USZ U“_n}Sin wi

(typical values : 10-30 uH)

A single capacitor bank circuit

The contacts closeﬂ a prestrike arc‘ the inrush current

w = 2nf
(\/EU(E_H} SIn wizp) sin wof

iR1(t) = 7 Ze = (Li/C)12 Lt =Ls +Lc

wo = 1/(L+C)1/2 Lt :uH and C :uF
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Example 1:

V2 % 15 x 10° x /60 x 10-°

System voltage : 15 kV 'R1(peak) = V3/1020 x 10-0 ~ 3KA
C: 60 puF, i

Ls: 1 mH,

Lc: 20 pH

frequency ~ 0.65 kHz

EStimate iRl(peak) fIR -
2
‘ . VAVl

Uf : :
!le[}ﬂﬂk} == ﬁ ‘\/_1,.-" U(f I]}m { I]} \/2(15{: * IL)

fIR —f\/;
I,
Example 2:
isc = 23 kA
ir1(peak) =3 kA fir =0.65 kHz

i = 196 A
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Back-to-back capacitor switching

L
- \ («,/EU(E_H) sin ot sin a}gr)
J) iRa(1) = 7
Li=lp=1Ly Example 3:
c=C=c, HY ) b

T §

The local capacitor circuits icfpeay = V2 x 15 x /40 ~ 11kA
dominate the inrush current pe V3 x /50

frequency f &~ 3.6 kHz

(b)

O—— Y Y —
Vacuum Ls CEQ X C3
| Ltp = Lgg + Lgx + L Cr=—"——=
Leo interrupter TP EQ EX 3 CE 0 + C3
:: I . Ll X Lg C C C
L o2 EQ—L1+L2 EQ =C1 + (2
CEQ
LEex! the capacitor banks inductance

the bus inductance
A back-to-back capacitor

bank circuit.
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CAPACITOR SWITCHING

Capacitor banks are switched perhaps once or twice a day

i

60% up to 300 times a year

a further 30% up to 700 times a year
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TABLE 6.15

Standards

Banks)

IEEE: BCD:

The same as for the BC1
or BC2 tests

IEEE: BC1:

a. 24 Open tests:
Capacitor load current
i, =400 A

b. For back-to-back

sl in-rush

&

IEEE(C37.04a-2003
and C37.09a-2005)

IEEE: BC2:

a. 80 Close—open tests:
Capacitor load current
i =400 A

b. For back-to-back

g in-rush
current 20 kA fak at
250 He

IEC: C1:

Inrush current : 20kA 4250Hz

a. Capacitor load current
i =400 A
{ For back-to-back

IEC (62271-100:2003)

a. Capacitor load current
i, =400 A
b. For back-to-back
itchige the in-rush
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Switching test sequence

The same as for the BC1 or BC2 tests

Switching test sequence

a. 4 0, on one polarity (step 15%)

b. & 0, at minimum arcing time on one
polarity

c. 4 0, distributed on the other polarity
istep 15%)

d. & 0, at minimum arcing time on the other
polarity

e. Additional tests to make up a total of 24

Switching test sequence

2. 4 CO, on one polanty (step 15%)

b. 32 CO, at minimum arcing time on one
polarity

c. 4 CO, distributed on the other polarity
(step 157)

d. 32 CO, at minimum arcing time on the
other polarity

e. Additional tests to make up a total of 80

Switching test sequence

a. Open three times at 60% full shon-circuit
current

b. Can perform 10%: full shont-circuit
current: optional

c. 24 open only at 0.1-04 =i

d. 24 close—open at i

Switching test sequence

a. Open three times at 60% full short-circuit
current

b. Can perform 10%: full short-circuit
current: optional

c. 24 open only at 0.1-04 =i

44

Three-Phase Capacitor Bank-Switching Tests for Certification (Single Bank or Back-to-Back

Probability of restrike permitted

| Restrike allowed per operation. External
flashovers and phase-to-ground
flashovers are not permitted

Probability of restrike permitted

If no restrikes 0 in 48 (0%)

If | restrike during the first 24 operations,
the full test is repeated with no restrikes:
| in 48 (2.1%)

Probability of restrike permitted

If no restrikes 0 in 80 (0%:)
If | restrike during the first 80 operations,

the full test is repeated with no restrikes:
I in 160 (0.65:)

Probability of restrike permitted

If no restrikes O in 45(09% )

If | restrike during the first 48 operations,
the full test is repeated with no restrikes:
| in 96 (1%)

Probability of restrike permitted

If no restrikes O in 104 (0%)
If 1 restrike during the first 104 operations,

the full test is repeated with no restrikes:
I in 208 (0.5%)




Back-to-back switching with VCB

A (TS Nl
AL g 11 A
| IS B N B ' 0 —

LA ] i [— w W W W ‘H "
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Back-to-back switching with VCB

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;

Interruption current Recovery voltage

0O 100 A
(3) there seems to be a lower limit of 0 200 A L/\\//\;
prestrike arc energy below which the| 45004 0
probability of restriking is very low [

H100A 0
o onn N\
40 -

w

S

\
\

3
l--""-h.
=
s

Restrike frequency, %
N
o

) _
0 50 100 150 200 250 300

Arc energy on closing, J

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

Reactor, 5 mH

Y Y Y YN Disadvantages:

1 Increase energy losses

_..-/ e AAAVAS 2 reduce the effectiveness

Metal oxide Resistor, 60 Q of the capacitors
varistor, 4 kV

One example of a current-limiting reactor for
limiting the inrush current when a capacitor
bank is connected
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Second: momentarily inserting a current-limiting impedance

Schematic 1:

(@) Current limiting (b) Current limiting
impedance impedance
d/ [ / ® *—o / [
Switch 1 Switch 2 Switch 1 Switch 2
(a) Both switches open (b) switch 1 closes while switch 2 remains
open, the capacitor bank is connected with a
(c) Current limiting limited inrush current
impedance
Disadvantages:
9—0 99—

Switch 1 Switch 2 - -
a complex switching and

coordination function

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

A scheme for connecting a current-limiting impedance for
connecting a capacitor bank
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Schematic 2:
Schematic showing the use of a vacuum capacitor switch in
series with an air, making switch to momentarily insert a
current-limiting impedance.

Air closing Vacuum
switch 1 Switch 2
Current
limiting
I_ impedance H@——@ @
® i (1) The air closing
— switch and the vacuum
switch are open
Current
limiting :
I_ mpedance |-—@ \I ——— (2) The vacuum switch
closes
I @ -
Current
limiting I
|_ impedance HO—@—@ *—o (3) The air switch closes and
Py N inserts the impedance momentarily
| —1 i ;
and limits the inrush current
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Current

limiting
|_ impedance

Current
limiting

impedance

.
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PR N

limiting I
I_impedance [—¢
|
Current
limiting
rimpedance -.—../. 99—
I ——
Current

(4) The air closing switch moves so
that it shorts out the impedance

once the inrush current has ceased

(5) The final closed position of the
two switches

(6) On opening, the vacuum
switch opens first and

interrupts the circuit

(7) Once the circuit has been

interrupted the air closing switch
moves to the open position

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) each phase must close

separately

(a three-phase system)

the parallel bank voltage is close
to zero
(a back to back capacitor bank)
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A magnetic mechanism on each phase

| The lowest inrush current|

Sensing the 3-phase source voltages for closing the VCB

Random close
signal given to
VCB

Sensing the 3-phase current for opening the VCB

Sensor

synchronizes
on one phase’s
voltage zero

The signals to
the magnelic

i meahanl.sms
close each

phase close to

a voltage zero

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

Phase 1

interrupts || Phases 2 and 3
- interrupt

Phases 2 and 3 open

#

5' "
. The signals open
Random open Sensor synchronizes Phase 1 just after its - -
signal given to on one phase’s current zero, ensuring Long arcing time
VCB current zero ~ Y2 cycle of arcing A

( \

contacts will be
Conditioning | | far enough
apart withstand
the peak
voltage

The synchronous opening of a vacuum circuit breaker

with magnetic mechanisms
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3.2.2 DISCONNECTING CAPACITOR BANKS

Circuit :

current . —
: -" 7T
v 2 N
: /

TRV across contacts
.y
D
0
%
[{s}

— The worst case

------

High- REE:
frequency ﬁ }
restrike RERVE
current RVERE:
Capacitor voltage HHE Source voltage
: ‘ //_ HESTER T,
oo Y
o y i iz
© 4
L

Schematic showing the effect of a restrike at the capacitor

switch when peak recovery voltage is reached.
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High- n
frequency
restrike HE
current : ..
current is interrupted at
the first high-frequency
current zero
S H— 1 3 5PU ... ...
© Pk
@ H :
o H
© : :
© £l
restrike occurs at peak voltage
= | ToerPU
o H
a | ~ ,/—i_f;?;?zpu :
E i . -= j 2 4 6PU EEE EEEN
Q i N
S W 4PU
o 1 -
- Ei\ji H

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

inter

rupted at its first current zero. It also shows the possible further voltage

escalation events
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a successful capacitor
switch

Peak recovery voltage:75 kV

The inrush current :6 kA

Spring Mechanism

A practical capacitor switch using a vacuum interrupter
with Cu-W (10 wt%) contacts. (Courtesy Joslyn Hi-
Voltage.)
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3.2.3 SWIVCHING THREE=-PHASE CAPACITOR BANKS

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

same

the analysis presented

Different

Second the capacitor bank neutral is isolated
from the source
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The Differences

Case 1: synchronous closing and opening

—

Phase A: 2.5 x 22U _py

Phase B: (1 +{J/3 {/2}) x V/2U(g—n) — Maximum values

Phase C: (1 + {N@/z}) X v/ 2U(g—n) -

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

substantially higher

The peak voltage ‘ the synchronous opening case
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3.2.4 RECOVERY VOLTAGE, RESTRIKINNG AND NSDDS
AFTER CAPACITOR SWITCHING

Peak TRV, first

phase to clear,
Peak, 1-min three-phase
withstand ungrounded
voltage, kV system, kV

20.6
28
30

41.2
51

TABLE 5.12
Peak Voltages from Capacitor Switching Compared to Vacuum Interrupter Design
Voltages
Peak open
Maximum peak circuit voltage,

voltage for three-phase three-phase
System capacitor switching ungrounded
voltage, kV (2.5 PU), kV system, kV BIL voltage, kV
12 9.9
15 12.2
17.5 14.3
24 19.6
27 22
36/38 31

71

Much higher |

Possible reasons: microdischarges, microparticles
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Recovery voltage
o
/)
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
N
|

8 mA —————————— th_ ——————————— T =

7] s ‘-,' ; s
E - - "
m E ‘F K-l i‘ '*
:: "q- 4 - i...* R - .._* . o
s 0
Q
=
o
w
2
£
LLl

0.7mA |lbemmm e e e R

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.
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3.2.5 SWITCHING CABLES AND OVERRHEAD LINES

Similarly to a capacitor

The capacitance is distributed

Peak Voltages for Restrike Free Cable and Capacitor Switching

(a) Grounded capacitor banks: 2 PU

(b) Cables with individual grounded sheaths: 2 PU

(c) Cables with ungrounded sheaths or overhead lines: 2.2-2.3 PU

(d) Ungrounded capacitor banks: 2.5 PU

(e) Nonsimultaneous three-phase switching of ungrounded capacitor banks: 2.5—4.1 PU

Vacuum Interrupter Theory Design and Application 2013-08-30 62



When a cable, with an open, remote end is disconnected, the
interrupter switches just the charging current of the cable.

Preferred Breaking Currents Values for Cable and Line
Switching (IEC 62271-100)

Rated circuit Rated line-charging Rated cable-charging
voltage, kV rms  breaking current, A rms  breaking current, A rms
3.6 10 10
4.76 10 10
7.2 10 Small 10
8.25 10 10
12 10 25
15 10 25
17.5 10 31.5
24 10 31.5
258 10 31.5
36 10 50
38 10 50
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3.3 LATE BREAKDOWN AND NONSUSTAILNED
DISRUPTIVE DISCHARGES

NSDD: Nonsustained Disruptive Discharges

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

greater than 30% 133 Test reports in 1999
43 Test reports with NSDD 90 Test reports without NSDD
93 34 <4
over the whole range

. — of circuit voltages
11 Certificates 34 Certificates

N ——

@ 12 kV @ 15kV @ 17.5kV @ 24 kV @ 36 kV
18 6 9 11 1

The occurrence of NSDDs during certification testing at the KEMA Testing
Laboratory(Holland) in 1999
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EXAMPLE 1: NSDD in a single-phase circuit

~
N Recovery voltage

— == 1

Fault current

A M
NVANARNA —

Current zero

i

Vacuum arc
voltage

An example of an NSDD after the interruption of a single-
phase fault current
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EXAMPLE 2: NSDD in a three-phase ungrounded system. circuit

First phase

to clear
— [/

Voltage phase 1 f\ﬂ

Current phase 1

|
Voltage phase 2 k/-\J

Current phase 2

Voltage phase 3 \/\

Current phase 3

G DI

L

Voltage shift
on all phases

N\

-—---ee -

e - - - -

\

N\

Contact part NSDD phase 3

An example of an NSDD occurring on one phase after the interruption of a three-

phase fault in an ungrounded circuit.
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EXAMPLE 3: NSDD in a three-phase ungrounded capacitor bank

NSDD can result in a shift of the neutral voltage

-2.6 PU 4

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

Phase B

NSDD on phase B

An example of an NSDD while switching 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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CONTACT WELDING

Vacuum Interrupter Theory Design and Application 2013-08-30 69



WELDING OF CLOSED CONVTACYS

surface

- -
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WELDING OF CLOSED CONTACTS WHEN SHORT FAULT
CURRENT PASSES THIEM

220 |
Very low /V

200 probability
= of welding
2 N
ﬂé;‘ 180 /
O L
& 160 y \ Increasing
S probability
o 140 of welding
% Threshold for
O 120 zero welding

100

0 1 2 3 4

Current withstand duration, s

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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WELDING OF CLOSED CONTACTS WHEN SHORT FAULT
CURRENT PASSES THIEM

10

Arc voltage, V

80
70

A | )
50 7 \\ Average
\ blow-off

current

/
40
/

ol |/ \

Current, kA

Time, ms

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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WELDING WHEN CONTACTS CLOSE ELECTRICAL
CIRCUITS

Travel

Voltage across

Current,

——— ——

The travel showing contact
bounce

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

Time, arbitrary units

- —~
-~ ~
7 ~
Ve Contacts 2nd N
bounce contact \\
g P open touch l
£5
= ’\_/\
(a) O ~=
A - [ ===
—— Breakdown | /,/"" =~
‘ BD, ﬂ BD, ﬂ BD, 1st Short Contacts do
2 // contact arc not part but
g5 / touch forms contact force
= l l l decreases and
£ @ R.i
5 = -\ - increases |
e -e - T - 7 \ /s
@ (b) K ‘-”l' -\ T l P
| -
- A Vacuum arc _ -
| | | - I established  _——
Stable vacuum
- | Vacuumarc Final contact:
- ") arc not established .
£ = established possible
8 5 welding of the
®© contact spot
(c) v v / Increasing
| I A\ 4

circuitcurrent || The current flow through the
contacts during contact closing

Schematic diagrams of vacuum interrupter contact closing
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WELDING WIHEN CONTACTS CLOSE ELECTRRICAL
CIRCULTS

The maximum welding force as a function of the energy input into the contact spot

0 2/3
104 R
Fw = KWZ”,
w
c
S
=
e
@ sz i O - . 2f3
g 3 127 We2/3 / O %C For silver :  Fw = 67 W
2 10 For copper :  Fw = 127 Wéﬁ
=
o
= o O&b
0O 3 2/3
k= rﬂ{ﬁli’ré[w(ﬂn _TD)+CL]} '
102 O
1 10 10° 103

Energy into the contact spot, J

Uni (1) dt+ [ Uci (1) dt,

Energy from the breakdown arc 4 Energy from the bounce arc(s) We = i / Uni (1) dt + 2 /
1(BD) 1(C)

+Energy from contact spot, heating t(BC)
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