
A
rese
inte
sust
curr
swit
atog

T
time
volt
Elec
dep
app
 

K
LTT
MA

 

C
curr
all 
Eac
whi
be 
con
volt
and
proc

 B
hav
of h
as d
cho
con
[10]
 

 
2.1 
prac
volt

 
T

osci
para

S
12/1

Algo
Curre

Abstract - Sin
earchers dem
errupters by u
tainable  again
rents and tran
tches are still
ggle ways, thus
This paper pr
e for a static  
tage switching
ctronics and L
ending on C

plications. 

Keywords - Ca
T thyrsitor

ATLAB/Simulin

Circuit breake
rents may ex
of the prima

ch type of circ
ich must be th
applied with

nsiderations o
tage transient

d high freque
cessing switch
Both of  hyb

ve been offere
high speed me
diverting switc
opping curren
ntact conducts
]. 

II. AN

The vacuum
ctical transien
tage switching

The analysis 
illatory circu
ameter , desig

Shaker J. Gatan
1, Riga LV-104

orithmi
ents an

nce many yea
monstrate the 

using of a re
nst of an arcing
nsient over volt
l constructing
s have been do
esents the seq
switching proc

g technique. 
LLC are desig
row-bar and 

lculating chop
rs, Sequenc
nk. 

I.   INTRO

ers using dif
xhibitdifferent 
ary functional
cuit breaker ha
horoughly und
h correctly d

of arcing curr
ts, multiple r
ency which c
hing time. 
brid applicatio
ed a smooth p
echanical cont
ching, itsan ex

nt. In hybrid 
s large curren

NALYSING D

m interrupter i
nts problems 
g process 

shows that 
uit can be de
gned ŋ, or its 

n is with Riga
48, Latvia, E-ma

ic App
nd High

V

ars up to da
development

efractory mate
g currents and
tages. The conv

g in the same
ominated yet. 
quence of the
cess  for  appl
Since DESY 
gned  for RF
snubber circ

pping currents
ces of s

ODUCTION 

fferent media
characteristic

l requirement
as a unique se
derstood befo
designing an
rents, choppi
re-ignitions, v
calculate for 

on and damp
process switch
tact with pow
xcellent perfo
switchsystem

nt with lowlo

DAMPING CI

involves very
in power sy

the effect 
escribed in t
reciprocal ʎ, 

a Technical Un
ail: Shaker.gata

plicatio
h Tran
Vacuum

Medium V

S

ate now, mo
t of the vac
erials “Alloys”
d both  of chop
ventional desig

e classical step

 switching pr
lication of  me

& Behlke P
F systems, bas
cuit for prote

s, Damping ci
switching t

a for interru
cs with respe
ts of the bre

et of character
ore the breake
nd confidence
ing currents, 
voltage escal

full load du

ping circuit th
hes which con

wer semicondu
rmance in lim

m, the mecha
sses, [1], [2],

IRCUIT 

y large numb
ystem of me

of damping 
terms of a s
which is the 

niversity, Azen
an@outlook.com

341 

on for C
nsient o
m Inte

Voltage Switch

haker J. Gata
 

st of 
cuum 
” for  
pping 
gning 
ps of 

rocess 
edium 
Power 
ically 

ection  

rcuit, 
times, 

upting 
ect to 
eaker. 
ristics 
r can 
e by 
over 

lation 
uring 

heory 
nsists 
uctors 
miting 
anical 
, and 

er of 
dium 

 an 
single 

ratio 

of th

 

This
curv
man
effor

N
on p
L - i
C - p
R - e
 

(Li s

 

1L
s



From
indu
dam
So th
(3)  
as ab
 

 
Whe
hype
this 
the i

nesiela
m 

Calcul
over-V
errupte

hing System

an 

he resistance t

/

R R

Z L C


s fact permits
ves for differe
ny practical pr
rt as one expa

Normally our a
parallel RLC c
ndicative load
parallel parasi
evaluating res

2

(0)
)

V

L s
 



2
2

1
1

p

s
s

T T
 

m Eq. (3) expr
uctor of any 

mping. We note
hat a family o
for different v
bscissa.  This 

Fig. 1. 

ere η =0.5 , th
erbolic functio
condition , fo
inductor curre

ationo
Voltage
er 

o the surge im

 

s the constru
nt values of  η
oblems can be

and by using  a
analysis for th
ircuit as follow
d of stator win
ite`s capacitor
istance that ca

2

1
1

p

s
T T

 

 

ress in dimen
parallel RLC

e that the only
of generalized
values of  η w
has been done

Generalized plo

he sine functio
on . We might
ollowing the s
ent in parallel

of Chop
es for a

mpedance of th

 

uction of gen
η , from whic
e extracted wi
a table of  log
he switching 
wing; 

nding coils; 
rs; 
an be damping

 

 

sionless from 
C circuit, wit
y parameter in
d curves can b
with dimension

e in Fig. 1. 

ot of inverse tra

on changes fro
t have develop
same argumen
l RLC circuit 

pping 
a New 

he circuit i.e;

 (1) 

eralized dam
ch the solution
ith about the s
arithms. 
process basic

g oscillating.

 (2) 

 (3)

the current in
th any degre
nvolved is η. 
be drawn from
nless quantity 

ansform 

om a circular 
ped the curve
nt .By calcula
under condit

 

mping 
ns to 
same 

cally 

n the 
e of 

m Eq. 
, t` , 

 

to a 
s for 
ating 
tions 



of a
How
spec
circ
R =
The
repr
Vo =
labe
look
 
2.2 
tech
first
as p
mod
 

T
betw
thyr
thyr
mod
curr
resi

 

F

V
of 
figu

a subsidence t
wever to gain
cific example

cuit in which 
= 105 Ω , L =5 
ese values are
resents the equ
=13.8√2 KV S
elled η=2 in F
king for. 

 Parallel  sw
hnique R circu
t peak value o
parallel applic
de [1] 

The flexible r
ween to ele
ristors. Flexib
rsitors as a co
dels. It propo
rents after th
istance circuit 

Fig. 2. /di dt  

III. 

Vacuum interr
/di dt  and d

ure  which d

transient, but 
n familiarity 
e where the in

the compone
H, C = 2·10-8 

e typical of u
uivalent loss r
So. Zo = √L/C

Fig. 3 gives the

witching  tech
uit  will be d

of chopping cu
ation with two

rates for tran
ements such 
ble /du dt  an
ontrol techniq
os to make 

he time of io
  

and /du dt   a
and th

SWITCHING

rupter involve
/du dt  conver

describes the 

have a far w
with these c

nductor curren
ents have the 

F. 
unloaded tran
resistance. Sup

C = 5·104 Ω , η
e shape of the

hnique: the re
diminished the
urrent , if we c
o electrodes –

nsition of du
as electropl

nd /di dt  [6]
ques are pres
a diverting o
nization  by 

alignment  betw
hyristor 

G TRANSITIO

es by switchin
rsion. An Exp
test circuit  

wider  applicat
curves, consid
nt is required
following va

nsformer, whe
ppose  
η = 2. The cur
 current we ar

esistor applic
e amplitude o
connect this ci
– parallel oper

/u dt  and d
lates and se
-[9] for the s
ented in Sim
of  the chop
using a dam

 

ween electroplat

ON RATES 

ng transition 
periment synt

an arc of a

342 

tion . 
der a 

d in a 
alues: 

ere R 

rve 
re 

cation 
of the 
ircuit 
ration 

/di dt  
et of 
set of 

mulink 
pping 

mping 

tes 

rates 
thetic  
a few  

thou
cont
inter

C
The 
volta
poss
mod
and 
Chil
the 
curre
calcu

/du
 

d

Th
shor
150m
spar
to th
brea
The 
with
test 
twen
with
are s

usand ampere
tact “synthet
rrupter. 
urrent commu
circuit subseq

age across th
sible to cause
del which anal

the recovery
lds and Green
mathematical

ent zero and 
ulate the post
/ dt  were calcu

ss r/ I /tdi dt 

Fig. 3.  A S

Fig. 4. Transi

he vacuum sw
rt fixed gap; 
mm). The cap
rks over , at w
he gap. The 

akdown voltag
TRV frequen

h L1. The rang
were; Iss = 1.

nty nine shots
h several test 
summarized in

es is drawn b
tic prototype

utation is typ
quent applies 

he gap. by adj
e the switch 
lyzes events d

y period after
nwood [8]. Tw
l model: a 
post arc time

t arc current a
ulated accordi

 

Synthetic experi
of a vac

ition process d

witch under te
the gap sele

pacitor C1 is
which time C1

fixed gap a
ge ( ~ 15KV)
ncy is adjusted
ges of values c
0KA, 2.0KA,

s were made t
were for each
n Table I. 

between a p
e” with a s

pically achieve
a fast-rising t
justing circui
to re-ignite. 

during the com
rwards has b
wo time perio
commutating 

e. The model 
and transitions
ing to followi

 
 

iment for fast co
cuum arc 

/di dt  and du

est VS has its
ected was in 
s charged unt
1 delivers an o
assures a rea
. /dI dt  is co
d by C2 (<<C
chosen during
, 3.0KA, 4.0K
to calculate d
h ramp down 

air of separa
sealed  vac

ed within 20
transient reco
it parameters 

A mathema
mmutation pe

been proposed
ods are define

period prio
has been use

s time /di dt
ng formula 

 (4)

ommutation 

/ dt  for TRV 

s contacts ope
the range (

til the gap of
oscillatory cur
asonably cons
ontrolled  by 

C1) as it reson
g the course o
KA & 5.0KA. 

/di dt  and du
time;  the re

ating 
uum 

us . 
very 
it is 

atical 
eriod 
d by 
ed in 
r to 

ed to 
 and 

 

en at 
100-
f VS 
rrent 
stant 
 L1. 

nates 
f the 
The 
/u dt  

sults 



I
K
1
1
1
1
1
1
1
2
2
2
2
2
2
3
3
3
3
4
4

 
ISS  -
tr - 
dI/d
com
Q - 
du
com
volt
I pe
V2 -
 

The
prog
of d
exp
tran
for 
5.0K
pow
my 

F
a ne

 1) 
com
elec
inte

2) 
tech

CALCULATION 

ss 
KA 

tr 
µs 

.0 7.8 

.0 6.9 

.0 6.13 

.0 5.06 

.0 4.32 

.0 3.77 

.0 3.34 
2.0 10.9 
2.0 9.1 
2.0 7.8 
2.0 6.9 
2.0 6.13 
2.0 5.55 
3.0 12.6 
3.0 11.5 
3.0 10.5 
3.0 10.1 
4.0 16.3 
4.0 14.9 

- the steady st
the ramp dow

dt - the averag
mmutation as g

the average in
/ dt  - the aver

mputed from th
tage, 
eak - arc curre
- charging vol

e results we h
gressively ram

/du dt  is appr
plains the ma
nsition rate  b

average valu
KA). This ind

werelectronics
currently rese

IV. FLOW

Flexible rates 
ew control tec

independent c
mponents du
ctronically  o
erference EMI

maximum c
hniques  

TAB

OF MECHANICAL

di/dt 
A/ µs 
128 9
145 1
163 2
197 2
232 3
266 4
299 4
183 1
221 2
256 4
291 5
326 6
361 8
237 2
261 4
275 4
295 3
245 1
268 1

tate current be
wn us, 
ge rate of curre
given by Iss/tr
ntegrated post
rage rate of ris
he slope of the

ent, 
ltage on the co

ave obtain tha
mp down time
roximately co
aterials Alloy
but the transit
ues (128 A/us
dicates both o
s transition rat
earch with Sim

 CHART & S

among electro
chniques to ach

control of the
/u dt  and 

over a wide 
I and voltage o

compatibility 

BLE I 
L SWITCHING TR
 

Q du/dt 

9.4 1.2E10 
8.2 1.2E10 
1.3 1.2E10 
8.3 1.2E10 
8.3 1.2E10 
9.7 1.2E10 
9.7 1.2E10 
7.1 1.9E10 
9.3 1.9E10 
2.8 1.9E10 
7.0 1.9E10 
7.0 1.9E10 
0.0 1.9E10 
7.5 1.2E10 
3.0 1.2E10 
8.0 1.2E10 
4.5 1.2E10 
5.5 1.2E10 
8.5 1.2E10 

eing commuta

ent decline du
r, 
t- arc current, 
se of recovery
e linear portio

ommutating c

at are the  seq
e as Fig. 6. T

onstant 1.2E10
ys (CU-CR-7
tion rates of d
s  up to 268

of the similari
tes and Logic

mulink experim

SINGLE LINE

 
oplates and se
hieve 

e out put term
/di dt  rate

range withou
overshoots an

with integra

RANSITION RATE

Ipk V
K

22 2
30 2.
38 2
44 3
60 3
67 4
67 4

32.5 3
44.5 3
53.0 4
67.0 4
75.5 5
80.0 5

40.75 4
54.3 4
63.0 4
68.0 4.
30.0 6
36.5 6

ted, 

uring current  

y voltage, bein
on of the re-co

capacitor. 

quence of test 
The transition 
0 V/s, because
70) is a con

/dI dt  is cha
8 A/us for th
ity functional 
cal consistenc
ments also. 

E DIAGRAM 

ets of thyristo

minals between
es that adju
ut electromag
d 

ated M.V ci

343 

ES 

V2 
KV 

.0 
25 
.5 
.0 
.5 

4.0 
4.5 

.0 

.5 
4.0 
4.5 

.0 

.5 
4.0 
4.3 
4.5 

75 
6.0 
6.0 

ng 
overy 

with 
rates 

e that 
nstant 
anged 
he ISS 

with 
cy for 

 

orsare 

n two 
usted 

gnetic 

ircuit 

Figg. 5.  Algorithm

Fig. 6. Algorith

mic application f
operatio

hmic switching 

for turned ON p
on mode 

times for turne

process of paral

ed –ON process

 

llel 

 

s 



F

Fig

[1] 

 
 
 

Fig. 7.  Algorith

g. 8. A single lin
of vacuum

1. The stat
switchin
process 

2. Many re
current 
value fo
M.V syn

3. Further 
determin
capacita

4. The the
dissipate
the static

S. Gatan, “
Interrupters f
2016, Lodz un

hmic switching

ne diagram of a
m interrupter for

IV. CON

tic capacitors 
ng process – 
unit function.

esearching pap
will not incre

or most full lo
nchronous mo

measuremen
ne the maxim
ance.  
eory of recti
ed energy tho
c switching pr

REFER

“Synchronizing
for Medium V
niversity of Tec

g times for turne

a compact desig
r medium voltag

CLUSIONS 

are always in
Inherited ca

. 
piers indicate
ease more tha
oad operation

otors. 
nt shall be 

mum values of

ifying chopp
orough the res
rocess.    

RENCES 

g Switching T
Voltage”, IEEE,

chnology Lodz-

ed – OFF proce

gn of a new prop
ge switching  

nteractive wit
apacitors for 

 that the chop
at 5A – first 
n with all typ

implemented
f discharged 

ping currents 
sistor will be 

Times of Va
, 19-20th Septe
-Poland.  

344 

 

ess 

 

posal 

h the 
each 

pping 
peak 
es of 

d for 
static 

and 
offer 

acuum 
ember 

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

 
 

M. Murano,
Okazaki, “Cur
Circuit Break
Systems, vol. P
F.A. Holmes,
vacuum Arcs”
New York, Jan
A.N. Greenwo
Breaker on N
AIEEE, vol. 79
E.J. Tuohy,
Magnetizing  
paper No. F77
Feb. 1977.  
High Power
Technology. 
Solutions in T
S.E. Childs, a
Zero Current 
Vacuum Arc.
S.E. Childs,
Interruption in
ps-8, pp. 289-2
S. Park, and 
Method for In
Industry Appli
W. Merz, and
Voltage Vacu
International 
(IPMHVC), pp
Z. Jian, J. Zh
Analysis and D
on Electro-ma
Xuebao/Trans
26, no. 8, pp. 
A. H.E. Say
"Modeling th
Dynamic Cir
University Po
1999-168-172
K.Y. Ahn, and
Speed Circuit
Cam (J)", P
Engineers, Par
J. Lou, Q.-M
"Dynamic Ch
the Fast Elec
Dianji Gongc
no. 6, pp. 23-2
T. Genji, O. 
Speed Curren
System”, IEE
1428-1435, 19
D. Hui, Z.K. W
10.5KV/1.5KA
Applied Super
G. Coqueny, 
Device for Ra
on Railway Co
1-7, 2005. 

S. Yanabu, H
rrent Chopping

kers”, IEEE T
PAS-96, pp. 14

“An Empirica
”, paper C 740
n. 1974.  
ood, “The Effe
Networks and
9, part III, pp. 5

and J.Panek
Currents: par

7 096-1, IEEE 

r Directed–lig
The Basis fo

Transmission Sy
and A.N. Gree
 Passage Duri
pp. 181-188, IE
and A.N. G

n Diffuse Mod
294, Dec.1980.
T.M. Jahns, “

nsulated Gate 
ications, vol. 39
d M. Grims, “

uum Tube Pro
Power Modula

p. 308-311, 201
huang,C . Wang
Design of a Hig
agnetic Repulsi
sactions of Chi
1-5,·August 20

yed, R. W.P. 
he Opening M
rcuit Breaker 
ower Engineer

2. 
d S.H. Kim, "M
t Breaker Mec
Proceedings of
rt C, pp. 663-67

M. Li, Q.-S. S
haracteristics Si
ctromagnetic R
heng Xuebao/P

29, 2005. 
Nakamura, M.

nt Limiting Cir
EE Trans. on P
994. 
Wang, J.Y. Zha
A HTS Fault C
rconductivity, v
R. Lallemand, 

ailway and Distr
onditions 1000

H. Ohashi, H.
g Phenomena o
Trans. on Pow

3-149, 1977. 
al Study of Cu
088-1, IEEE PE

ect of Current C
d Transformers
545-555, 1960. 
k, "Chopping
rt I; Single Ph

PES Winter M

ght–Triggered 
or Advanced P
ystems – SIEME
enwood, “Even
ing the Rapid 
EEE-1983. 

Greenwood, “A
de”, IEEE Tran
. 
“Flexible du/dt
Power Switche
9, no. 3, May 20
“Fast Opening
tection Applic
ator and High 
12.  
g, J. Wu, and L
gh Speed Mech
ion Mechanism
ina Electrotech
11. 
Ker Kennar, 

Mode of a Fa
Drive(C)", P

ring Conferenc

Modeling and A
chanism with a
of the Institu
72, 2001. 

Sun, W.-D. Liu
imulation and 

Repulsion Mech
Proceedings of 

 Isozaki,et al, 
rcuit Breaker 

Power System, 

ang, et al, “ De
Current Limiter
ol. 16, no. 2, pp
G. Josse, et a

ribution Netwo
A-25KV-50Hz

. Ishizuka, an
of Medium Vo
wer Apparatus 

urrent Choppin
ES Winter Mee

Chopping in Ci
s, part II”, Tr

g of Transfo
hase Transform
Meeting, New Y

Thyrsitor v
Power Electro
ENS. 
nts Associated 

Commutation 

A Model for 
ns. Plasma Sci,

t and di/dt Co
es”, IEEE Tran
003 (0093-9994

g Switch for H
cation”, 2012 I
Voltage Confer

L. Liu, “Simul
hanical Contact 
m”, Diangong J
hnical Society, 

A. M.S. Atm
ast Acting Ele
Proceeding of 
ce, Leicester,

Analysis of a Hi
a Spring –Actu
te of Mecha

u, and J.-L. Q
Optimal Desig

hanism", Zhong
f the CSEE, vol

”400V Class 
for Electric P
vol. 9,  no. 3

velpoment and 
r”, IEEE Trans
p. 687-690, 200
al, "Current Lim
rk Design and T
(c)", EPE 2005

d T. 
oltage 

and 

ng by 
eting, 

ircuit 
Trans. 

ormer 
mers", 
York, 

valve 
onics, 

with 
of a 

DC. 
, vol. 

ontrol 
n. on 
4). 
High-
IEEE 
rence 

ation 
Base 
Jishu 

vol.  

madj, 
ectro-
f the 

UK, 

igh –
uated 
nical 

Qian, 
gn of 
gguo 
l. 25, 

High 
ower 
, pp. 

Test 
s. on 

06. 
miter 
Tests 
5, pp. 


