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PREFACE

Vacuum switching devices are acknowledged to possess 

many positive features such as safety, quiet ration, high 

reliability, low maintenance, rraalu. size and light weight. 
Hov/evc", these merits arc accompanied by a tear of swit­

ching surge which may cause a dielectric fa:lure in the 

load insulation.

Having been convinced that vacuum switching devices 

are superior to any other kind of switches, continuous 

efforts have been extended in the study of switching surge 

mechanisms and to develop an effective surge protection 

method, by experimental data compiled in the laboratory 
and actual measuring data in field application. This 

dissertation describes the work done by the author, mainly 

at GEC Power Distribution, in determining the switching 
phenomena associated with the vacuum contactor.

The dissertation starts with an introduction describ­

ing briefly the development, advantages and construction 

of the vacuum contactor. It goes on to state the require­
ments of the contact materials, experience with vacuum 

contactors and reasons for the work done. It also lists 

and briefly descr/bes the types of switching transients.

It was found that there arc basically three known 
phenomena associated with vacuum switching.

a) Current chopping. This includes "three phase 
simultaneous interruption" (also known as virtual current 

chopping). A chapter on this subject examines the effect



of contact materials, variation with current interrupted 
and surge impedance, effect of voltage level and arc 

stability and it's relationship to current chopping.

The theory of overvoltages due to current chooping is 

given and this is compared with actual tests on a motor, 

loses resulting in three phase simultaneous interruption 
when switching a transformer are also described,

b) Switch-on prestrikes. This chapter describes the 
mechanism of prestrikes, what they are functions of, and 
the eiioct of cable lengths, Tests on a simulated motor 

circuit are described as well as actual tests on a motor 
and a transformer.

c) Rostrike transients. This chapter describes the 
mechanism o< restrikes, their relationship to current chon- 

panr, actual tests on a motor and transformer, and comparison 
between theory and results.

The results of all the tests performed show that in 
some cases it is desirable to fit some form of surge pro­

tection. The last chapter describe, the forms of suppres- 

ecors available, and their effects on the switching surges. 
Tests are described in which the component values of RC 

suppressors arc arrived at and their success in dealing 
with both prestrikes and reatriKes.

The last section sums up the position as regards 

coping with the surges in pratice; when and what protec­
tion should bo employed.
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C H A P T E R  1

GENKHAL EX PC. IE ON VAC’JU;; CONTACTORS

1 *1 ' .':T OF THE VACUUM CONTACTOR

The vacuum switch originated early in the history of elec­
trical engineering. Mttenhous, (1) states that the earliest 

petent was filed in 1893. and may have been inspired by the an­

nouncement of Paschen's law in 1889 (2), relating breakdown volt­
age to gas pressure and length of the discharge path.

In 1897, the firot study of the topic of high voltage break­
down between two electrodes in vacuum was done (3>. The first 

commercial vacuum switch in attributed to the Swedish Birka

company in 1921. These switches were used to interrupt very low 
power. The first demonstration of real interrupting ability, how­
ever, wan by Sorensen and Mendenhall of the California Institute of 
Technology in 1'h-J/; .. They succeeded in interrupting 926 amps, 

at hi 500 volts (5). Shortly after this, the General Electric 

Company acquired the patent rights from the California Institute 
of Technology and began an extensive development program. !„ 
spite of the optimism indicated by Sorensen, this program was 

terminated in 1931 without reaching industrial success, because 

of the unavailability of supporting technologies (6). Although 
it was not till 1955 th.v. vacuum Interrupters wore first used



(7 )commercially, a vacuum contactor rated at 250 volts and 15 
amps, was renorted in 1934

The vacuum contactor is very similar to the vacuum interrup­
ter. It is usua]ly employed to control motors anc its lower 

rating makes it possible to use a smaller volume. The practical 

requirement of vacuum contactors differ from those of the vacuum 
interrupter:

a) The interrupting ability in terms of kA of the contac­

tor is usually much lower than that of the interrupter.

b) The contactor has to repeat it's function many more times 
than does the interrupter.

e) The arc of this device must be stable for a duration of

half a cycle and exist down to low values of curr nt,

If the arc is not stable, overvoltages will result and 
may damage the motor's insulation.

The second requirement calls for bellows with a long life-time 
and for contacts with low erosion characteristics. The third re­
quirement was first tackled by Reece (Q). I-’ui ther work by the 

Central Research Laboratory of the Associated Electrical Indus­
tries (A.E.I.) and the Electrical Research Association, which 

pioneered most of the work, resulted in the first 3 phase 3,3 kV,

400 amp. vacuum contactor in Great Britain being introduced in 

1965 . This is the forerunner of the GEC vacuum ccntac'ors

upon which most of the research in this dissertation was carried out.
Development proceeded rapidly in Great Britain, the United

States, Germany and Japan. In /apan there arc more than 100,000 
pole mounted vacuum switches alone



1 . 2  ;,DVANT.'V' IC'l OY i'HK V ACUUM COU? ACTOR

It was because researcheis were convinced that vacuum swit­

ching devices were superior to any other kind of switches that 
continuous effort was made to overcome technological difficulties 

such as "ovt-passing", sealing, and producing crntact materials 

with suitable properties. (See 1.4.). Today vacuum contactors 
are acknowledged to possess many positive features, some of which 

are listed bole ■».
a) Safety - not flammable.

b) Silent in operation.
c) High reliability.

d ) Tow maintenance.

e) Small size.
f) Lightweight.
g) Low actuator power requirement.
h ) Excellent electrical and mechanical life.

i) May be used in any orientation.
(12)For example, come of the advantages made by GSC for

their 3,3 and 6,6 kV contactors are
. a) Long contact life - over 2 million operations at full

load (typically 300 A).
b) Minimum maintenance - just a simple check with wear gauge

every half million operations.

c) No problems due to current chopping.
d) No contact welding or oxidising - no arc chutes and no 

ionised gas.
e) Small size and containment of arc makes very compact equip

r.ent design possible.



1 ) Contac t; uo not bounce on closing clue bo good Mechanical 

do: ; gn •./Ithou tl," no. .'i for extra springs.
g )  T h  ? c o n t a c t o r

frequoncic; up tc 1 . o, . for induction furnace

duty. it : o.■ :) frcquenc ■ produce local heat ng,
i omo derat i.n it no . try,

h) The c- tttact re n: table f or use on frequencies tlov/

oO , such . . the rotor circuit of a slipping motor 

( " -h" at r .xltl n h their interrupting capa;ity is
effec t. (• I ,

:  nv l1 ' ______ ._v _iu_____•  'ii.. /ACUUH CQMTAGiO:,

. 1. the construction
1 .1 .

Gottowa

'<'9191 IS'

M e t . i l  e n d i

PMm-.tlvn iim iIAI cap

Lit tu ' ‘ oical vacuum switch
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An evacuated vereel containc a pair of contacts, one of which 

can be moved. These are surrounded by a shield which prevents metal 

vapour from condensing on tho internal surface of the insulating 

envelope, The envelope nay be made of any suitable material of 

which glass, glass ceramic, porcelain or alurina are examples. The 

contacts are faced with, have reservoirs of, or otherwise have 

sintered in them, one of a number of alloys to control the mecha­
nical and electrical performance of the device. The stem of the 

moving contact is sealed with a metal bellows, usually stainless 

steel, so that a pressure of 10“f' to 10“ Torr may be maintained 
for tens of years. This pressure is considerably lower than the 

10~ ' Torr strictly necessary for correct interrupter operation, but 
provides an adequate vacuum for the guaranteed life of the switch.

V.’hen contacts carrying a current are separated in a vacuum, 
initially as the contact pressure decreases, so does the contact 

area, and the temperature at the points of contact increases, un­

til melting occurs and liquid metal bridges are formed. With the 

contacts continuing to part, these bridges grow longer until they 

become unstable and rupture. Arcs are then formed at these points. 

These arcs contain electrons, positive ions and neutral particles 

derived from the metal vapour. This vapour supplying the positive 

ions necessary for this arc is dependent on the flow of current; 

the larger the current, the greater the supply of vapour. When 
current ceases to flow, no at a natural system current aero, re­

condensation of tho vapour re-establishes the vacuum. Tho interrup­

ting capacity hangs wholly on tho rapidity with which the metal 
vapour clovd disperses and restores tho vacuum at and after the 

current sera.
On simple butt type contacts as used in vacuum contactors, 

the arc is in the diffuse state at peak currents of up to around
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(13)10 kA , The diffuse arc spreads across the contact areas

available to it and consists of many entirely separate arcs in 

parallel. Its heating effect is well distributed and it does 
little damage to the contacts with almost no gross melting . At 

higher currents the magnetic pinch effect causes the arc to con- 

trict and boiling pools of metal perhaps 1cm. in diameter occur 
at both anode and cathode roots, with cooling tines too long to 

ensure re-condensation of all metal vapour at the current zero.

The arc will thus continue to re-ignite after every current zero. 

It is for this reason that contactors only have a rated inter­

rupting ability of 5 - 7 kA« r.m.s. and are usually backed uo by 
fuses to prevent the contactor from opening on fault currents any 

higher than this. The number of operations at 5 kA is also very 
limited.

1.4 REQUIRIl Î IIT 3 OF t h e  c o n t a c t MATERIALS

The mechanism of arc extinction in vacuum switches has been 

treated in detail by Recce^ \  from whose papers the following 

factors are shown as having influence on the point at which an arc 
extinguishes in vacuum:-

(a) gas pressure,

(b) arcing voltage or work function of contact materials,

(c) vapour pressure of evaporated metal,

(d) electronic and thermionic emission from contacts.

Since gas pressure is extremely low by definition in a vacuum 

switch, the main variables on which the switch designer must ad­

judicate arc those of the contact materials

The properties required of the contact material are:



(a) good mechanical strength and electrical conductivity.

(b) good thermal conductivity to assist rapid cooling of the arc 

roots when breaking high currents.
(c) low weld and cold adhesion strengths at the contact surfaces 

to give easy and consistent separation.

(d) low and uniform erosion to give a long operating life.
(e) sufficient metal vapour for low-current arcing to minimise 

current chopping.
(f) limitation of metal vapour and thermionic emission after high 

current arcing at current zero to permit voltage recovery. 

Materials having high vapour pressure at moderate temperatures
usually provide a good supply of metal vapour with low arc energy, 

md arc thus desirable for low chopping current- performance. This 

characteristic is attended by high evaporation rate, with consequent 

loss of material from the contacts and reduced contact life, (d) &
(e) are to cone extent therefore conflicting. Materials having good 

mechanical strength (a) and low wold and cold adhesion strengths (c) 

such as tungsten and molybdenum, do not have high vapour pressure 
at moderate temperatures and thus chop relatively large currents. 

These requirements are therefore in conflict with (c). On the one 

hand it ic required to have sufficient metal vapour for stable arc­

ing down to low currents and on the other hand after high current 

arcing it is necessary to limit the metal vapour near current 

zero so as to allow the arc to cease, the metal vapour to re- 

condcnse and the voltage to recover without a reignition occurring.

No single material complies with all the requirements so that 

the contact materials are mixtures or alloys. For example the 
materials choscr for GIC contactors arc an antimony-based filler- 

nlloy reservoir in annular grooves in molybdenum contacts. The 
fillcr-alloy provides the desired electrical characteristics, and
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the molybdenum gives the mechanical performance required of 
heavy-duty contactors.

The Toyo Dcnki contactor, on the other hand, has contacts 

consisting of a sintered tungsten matrix into which a copper 
alloy and antimony are infiltrated.

i.5 bXPERi.:;:r,k to _ date ’v’tth vacuum coirrACTQ^s

Vacuum contactors were quickly accepted as an extremely 

reliable means of control. Soon they were operating successfully 
in many countries throughout the world'10'.

They arc used mostly for motor control in a very wide range 

of industries. Other applications induce . rc furnace transformer 
switching and capacitor switching, .oities vary from infrequent 

operation in process industries to very frequent arduous duty in 
steelworks.

It is the low maintenance of the vacuum contactor which appeals 
to the user, particularly where the switching is frequent and 

arduous. Applications of the vacuum contactor are dealt with in 
more detail by May^1 ' and Smith^r ) .

However, over the last several years, there have been cases 
of insulation failure, more particularly in this country^1,1 ̂ .
This has led to extensive investigation into the whole subject of 
switching transients and how to cone with them. Hoot of the 

research has been conducted in Japan(lV' 1S« 19\  and the United 
States ' ' * - t ‘ ) with some also in Great Britain^9 * 26, 2?)
and lately in Scuth Africa^ "* '/0\

Statements have been made as to the suppression requirements 
when switching motors or transformers^' 30). others advocate



ensuring adequate load inoulatioi/29) and only the use of surge 

suppression in special cases. The subject of surge suppression 

is dealt with in more detail in chapter 6.

1.6 REASONS FOR WORK DONE
In 1977 a decision on whether to supply surge suppression 

devices with a large order obtained by GEC Machines and GDC Power 

Distribution to supply induction motors switched by vacuum contac­

tors had to be taken. The motors were 6,6 kV and varied in size 
down to 200 kW. In the light of the then prevailing controversy 

on the subject, it was decided to undertake a project to investi­

gate the surge effects, taking into account all the system para­
meters and to determine whether the motor insulation was adequate. 

The work required close technical co-oleration between the two 

GEC Companies mentioned, with considerable assistance from the
University of the Witv/atersrand and the C.S.T.N. Papers reporting

(31)
some of the results have been published by Rcynders and handy 

(29)and Speedy .
The author was involved in determining the switching phen­

omena associated with the vacuum contactor switching an induction 

motor. After this he took part in a research program conducted 

jointly by GEC Distribution Switchgear (U.K.) and UMir/f investi­

gating switching transients associated with oil, SFg and vacuum 
circuit breakers. He also managed to do come experiments at UMIST 

into current chopping and arc stability of the vacuum contactor.
On his return to South Africa, he continued with research into cur­

rent chopping, vacuum contactors switching transformers and on site

measurements of arc transformer switching.
This dissertation summaries the results obtained during this

work over the pact two and a half years.
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Switching surges, or transients as they are sometimes called, 

can occur either on closure or opening of a switch. All switching 

devices produce surges and industry has had to cope with these 

since the beginning. These have been known to exist at least 

since the 1930s, but the study of them has increased since the 

advent of the vacuum switch.
Earlier vacuum contactors were prone to current chopping and 

overvoltages caused thereby were hazardous to the motors they 

switched. Contact materials having low chopping levels were 

introduced only for the attention to become focussed on another 

source of switching transient , the prestrike. Although all 

switches strike before actual contact on closure, the remarkable 
ability of the vacuum switch to interrupt high frequency currents 

and to suddenly recover it's dielectric strength, has resulted in 

multiple prestrike occurring. The vacuum contactors arc parti­

cularly bad in this respect, as having relatively slow operating 

speeds and lower dielectric strength than circuit breakers, they 

can produce tens of prcstrikes on closure.
Provided the contacts make relatively simultaneously, the

order of magnitude of these prcstrikes is low and this in itself
Ipresents little danger to load insulation. However, depending 

on circuit parameters the rates of rise can be high, resulting 

in uneven voltage distribution in the load insulation. Motors 
in particular sometimes do not have much impulse withstand

C H A P T E R  2

INTRODUCTION TO O',/ITCHING SURGES
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capability, no that line end coils in particular, experience 

overstressiny of turn to turn insulation.

This aspect of vacuum contactors, has resulted in the 

policy of many users in this country, to be to fit 2"tC suppres­

sors to protect machines from those hi%h rates of rise. Motor 

manufacturers have also now bcf;un to produce machines with 

better impulse withstand capability than perhaps so in the 

past. These two steps have resulted in the number of reported 

failures of machines switched by vacuum contactors to decrease. 

When motors arc switched off during starting, it is also pos­

sible for a reotrikc to occur. This is common to all switches 

if a current zero occurs at or scon after contacts part and the 

dielectric strength is unable to withstand the recovery voltage 

of the circuit. 'lowevor, in practice restriking is rare with 

motor switching, only occurring on inching or stalled switch-off. 

Here the magnitudes can be large due to voltage escalation, but 

generally the rates of rice are not as steep as with prestriking. 

Oil and air-break switches arc both prone to produce restrike 

transients and in the past if these ha', _• been a problem, they 

have been overcome by fitting voltage limiting devices, such as 

lightning surge arresters.
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C H A P T E R  3

CURRENT CHOPPING

3,1. INTRODUCE I'. :?
The .,robleas associated with "chopping current" originally 

held up development of the vacuum contactor as in the earliest 

stages chopping currents were very high, sometimes 50 amps, and 

therefore the surge voltages generated when current chopping took 

place were also excessively high.
Chopping current is defined as the current at which the arc 

can no longer sustain itself and at which value it suddenly 

reduces to zero. This causes a sudden change in the magnetic 
flux in the inductance of the circuit and this together with the 

circuits capacitance produces a chopping overvoltage transient• 

The theory is dealt with in more detail in 3*7 .

Z .2 EFENCT C? CONT ACT

All types of r.witchgear interrupt current before reaching a 
current z c r o ^ ‘ \  This is due to the instability of the arc at 

low currents. Vacuum arc stability and the mechanism cf arc 

extinction has boon discussed in detail by Reece  ̂ , Kesaev

Paul^ and Fnrrall ̂ 'X>'. It has been shown that vacuum arc 
stability in related to the thermal properties of the contact 

Material and is affected to a small extent by the surge impedance
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of the circuit in which the contactor operates.
Tests were performed to compare the current chopping level of 

a GEC contactor with it's equivalent Toyo Denki vacuum contactor. 

Both contactors were suitable for operation at hV. The
circuit used is shown in figure 3.1 and is described in 3.3. The 

results for chopping 20 amps, r.ra.s. are shown graphically in 
figure 3.2. Also shown arc the results to" the V.I.L. (Vacuum 
Interrupters Ltd.) vacuum circuit breaker and GE's (General Elec­

tric's) vacuum circuit breaker. These are taken from Ismail 
The contact material for V.I.L. bottles is CLR, which is a chro­
mium-copper alloy, and for GE's bottles is a conper-bismuth alloy.

It can be seen that the GEC contactor has the lowest current chop­

ping level of the four vacuum switches.

VARIATION WITH CONTACTOR QUERENT ANP
3,3,1 TEST CIRCUIT AND DESCRIPTION OF TEJTS

Six diff rent levels of supply current vis. 5. 1°. ^0,
45, 100 and 200 amps, were interrupted. These were regulated 

by means of the auto-transformer shown in figure 3.1 whose 

full load was 400 amps, at 230 volts. The current in the 
circuit was limited by an inductive reactance L. At each 
value of supply current the current chopping level was also 

found for different values of parallel capacitance, vis.

0,00353, 0,0125, 9,0429, 0,1 and 0 »1'NlT •
The operation of the test circuit was as follows. The

vacuum contactor VC was closed and in turn closed the auxi­

liary contactor CA via VC3 onto the test supply. CA in turn 

initiated the timer relay T via CA3 which after about one 

second operated relay K via T2 to open the vacuum contactor



Making Test 15
switch contactor

CA VC
^ 6

CRO
C Cables to shunt 
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Main Circuit
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CA2 VC 2 ,6 
VC3 'Q

9 V. DC.

CA3 T2

VC1
CRO

Trigger

0 V.
rcuit

Fig. 3.1. Test c ircu its tp d e term in e  chopping c u rre n ts
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VC via K2 and KJ, The ensuing current chop and transient 

were recorded by means of a shunt and storage oscilloscope 
(Tektronix 466).

Because the test circuit is inductive the current chop 

leaves some energy trapped in the inductance. The current 

continues to flow by circulating via the capacitance and 
the current then oscillates at a frequency determined by 

L and C , A current transient occurs as shown in figure 3.3

Contacts part and 
y X  arc forms.

Current throuqf^V ^ecorTles unstable
vacuum contactor T Qnd current is to p p ed .

Current continues to flow 
by oscillating between L & C

F ig .3.3. Current transient when chopping occurs.

The oscillation is damped by the losses of the circuit 

and eventually decays to zero. The chopping level of the 
vacuum contactor was determined by measuring the initial 

magnitude of this oscillation or "ringing". Thirty shots 

were taken of each t^st (i.e. at each value of supply cur­
rent and parallel capacitance) to determine the distribution 

of the current chopping level and its mean value. The 
switching operation was completely random and not controlled 

by point-on-wave switching.
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Y/hen performing current chopping teste the supply 

voltage cannot be reduced indefinitely to give correspon­
ding low currents. This is because the arc has a minimum 

stable arc voltage (see % 5 >. If the voltage applied is 
less than this, the vacuum contactor will be able to chop 

even the peak value of very large currents.
For this reason the voltage was not allowed to drop to 

less than about 40 to 50 volts. The choke used for the 200 amp. 

tests (i.e. when supply voltage was at maximum) had a total 
impedance of about 1 ohm. Thus at 45V. the minimum current 

possible was at 45A. Another coil of higher impedance was 

used for the 5, 10 and 20 amp. tests. Readings ere taken 

of current chopping levels at a supply current of 45 amps, 

using both the low impedance and high impedance chokes.
The former is referred to in the results as the "45 B' 

tests while the latter as "45".
Three contactors were tested

a) GEC type VB3AD400B5 rated 3.3 * 0A*
b) GEC type VC3AD400C7 rated 6,6 kV/400A.
c) Toyo Denki type 3VE-6E5 rated 3,3 kV/6,6 kV/40UA.

3.3,2 RESULTS
The full results of the current chopping levels of the

three vacuum contactors tested at different currents and for

different values of parallel capacitance arc shown in table .1
The results are also given in graphical form in figure ’.4 to

3 ,9 . The broken lines on the graphs indicate that the points

to the right of the broken line were obtained with the low
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Fig-3.5. GEC 66 kV Contactor Type V C 3AD400C7

Current chopped vs.supply current for different values of parallel capacitance.
.A'

Q.
e_D
■a

Io
JZo
c
a»L.
I—
D

o

2,0

1,6
V®

1,4 i1 i i

t,o

i,R
i ! i .y

1,2.

1,0
■ ■! •

0,8
| : I I ■

0,4 |

0,4

0,2 r

I  l |

0,003 53
lO to 45

i

V)a 1*£
0

V
8. *<2;
CL
OJC l.O 0,8-t-

OA
£!t_ 0,43

. 0 0^

■ I :
1 - f  * --i- •

I  I I
$  x  $I I

,

4
^  s  $1 *** , JL

0,0125 pF
• i * i i , •10 *0 45 ,00 Zoo

Supply c u r re n t  (amps r.ms.)

I

IZ)CL
E

"O
<uClCL

I,e

Supply current (amps r.m.s.)

i/6 h
I—; - f

If fa

1,4
1,1

O 1,0 —
■CO *>,6
c ®r6
l_u3 6,4
O 0,5

S:

To 48

Q.
E ift
a— .
T3
OJ
n ,,2
CL
0 1,0 — •
JCu 0,8

-4-«
cat ‘V6
ul_ 0/43
O 0,2

.  -1

$

-. • -f. ..
•  -  J  • • u .

10

I
fr

1

f

20 ie-n

A* , IL -
to
CL
E 1,4
0-— - WT>
O)
CL 42
CL
O 1,0 t-CO

rc<v Of,

L.
3 'V,
U 0,2

f -»■ • ;

i

i  E 
I  f

!
I ..1

» f

200
Supply cu rre n t lamps r.ms.)

O.ljuF
I i I «

5  to  Zo

Supply cu rre n t (amps r.ms.)

.
as zoo 2<r>

' y

a
■ J -4 iv r

F

1

a 1

1 -

0,15pF
i I

10 & l
100

Supply current (amps r.ras.)



C
u

rr
en

4- 
ch

op
pe

d 
(a

m
ps

) 
C

ur
re

nt
 

ch
op

pe
d 

(a
m

ps
) 

C
ur

re
nt

 
ch

op
pe

d 
(a

m
ps

)

Fig.3 -S. GEC 3,3kV Contactor Type V B 3 A D £00B5
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Fig .3.7. GEC 3,3 C o n ta c to r  Type V B 3 A D 4 0 0 B 5 .
~L. -____________________________________ _____ ________________— — -
Current chopped vs. supply current for d if fe re n t  values of parallel capacitance
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TQyo Denki 3 ,3 / 6 , 6 kV C o n ta c to r  Type 3 V E -6 E 5

P j r ^ n t .chQpped vs, parallel capacitance for various values of supply current
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Fig.3.9. Toyo Denki 3 ,3 /6 ,6kV Contactor Type 3V E -6E 5

C urren t cho pp ed  vs. supp ly  cu rre n t for d if fe ren t values of parallel capacitance
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impedance choke while those to the left were obtained with 
the hig% impedance choke.

Ihe mean current chopping level of the GEC 6,6 :.V vacuum 

contactor varies from 0.J5A CteA auppl,, 0,00353uF) to 1.69A 

(200A supply, 0.15UF). The largest and smallest currents 
chopped through the whole range of tests on this contactor 
were 1t3A and 0,2A respectively.

Current chopping characteristics of the GEC 3,3 kV 
contactor are similar to those of the 6,6 kV unit. This 

is expected as the contact material is the same for both 

contactors. The mean current chopping level for this contac­
tor varies from 0,35A (451 supply, 0,00353^) to 1,84a (200A

supply, 0,15pF). The largest and smallest value recorded were 
2,0A and 0,1A respectively.

Depending on the magnitude of the contactor current and paral­
lel capacitance, the Toyo Donki contactor has a current chop­
ping level generally some 3 to 10 times higher than that of 

the GEC contactors. Results show that the mean current chopped 
by this contactor varied from 1,39a  (200A supply, 0,G0353uF) to

5.67A (10A supply, 0 .15UF). Highest and lowest values recorded 
were 7,4A and 0,7A respectively.

The results show that, for all throe contactors, current 
chopping level increases with parallel capacitance and that 
the increase is greater for larg,- supply currents.

With greater values of parallel capacitance the current 
chopping level of the GEC contactors is shown to slightly 

increase with supply current whereas the chopping level of 

the Toyo Donki always decreases with supply current no mat­
ter what the value of parallel capacitance.
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3.4 Epnxr OF VOLT.\G;J
An can be seen from the results in 3*3»2 there is practically 

no difference in the current chopping level between a 3*3 kV and 

6,6 kV vacuum contactor. This can be ascribed to the veiv low 

arc voltage of vacuum switches. Paul  ̂ extensively investi­

gated arc voltages of various elements in vacuum and a graph from 

his results is reproduced in figure 3*12.
From this it can be seen that the max. arcing voltage he 

measured was about 2J volts viz. for Mo and W. Thus above 
50 volts one would not oxpe " e voltage level of the supply to 

have any effect on the stab lity of the currents.

3.5 A PC STABILITY AID IT15 RELATION:! IP TO CUIiPEIiT CHOPPING
3.5.1 TEST cincuu a;:d d:::;c.;i.t:on cf te vrc

This series of tests was conducted at VKIST in Man­

chester on a GEC type VC3AD4COC 6,6 kV/400A vacuum contactor. 

The circuit diagram is shown in figure 3.13* The vacuum 
contactor was closed by pushing che close push button. This 

operated contactor B which closed and caused current to flow 

in the vacuum contactor closing coils. The vacuum contactor 

(V.C.) closed and the V.C. N/O auxiliary contact caused 

voltage to be supplied to contactor C. The vacuum contactor 

was now ready to bo tripped. Initiation of the trip push 

button caused contactor A to close. This initiated current 

to flow through the vacuum contactor limited by resistor H 

and also the timer T to operate. After approx 0,3 sec. the 

timer operated and caused B to trip out. This tripped the 

vacuum contactor. The sequence was reset by pushing the
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to d,c. arc stability i.e. the shorter .he d.c. arcing" time for a

given contact material, the higher the current chopping level is
(25)likely to be. Comparison with other vacuum interrupters " shows 

that for 5A d.c., the arcing time for antinony-bicnuth (GEC contac­

tor) is an average of 2 secs., for CLR (the proprietary material of 
V.I.L.) it is 1 msec, and for copper-bismuth (GE's interrupter) it 

is 0,1 msec. This agrees with the known chopping levels of these 

interrupters.
Using the 5,3 msec, technique, the average value of current 

chopping is determined to be 0 ,32A by one method and 0,37A by the 
second method. Tests results from 3.3.2 show that for the lowest 

value of parallel capacitance the current chopping level varied 

from 0,36 to 0,43A for values of supply current from 100A down to 
5A. There is therefore a very close relationship between the two 

methods used i.e. arc stability and actual current chopping measu­

rements.
The arcing duration and also the current chopping, are random. 

However, the limits derived in th'.r, set of costs yield a band be­

tween 0,23a and 0,68A as the values of current that will be chop­
ped using the GEC contactor without any external parallel capaci­

tance.

3 • 6 THEORY OF OV .1V0LTAG •:.! DUE TO CUPP ENT CHOPPING

The subject of chopping overvoltages has been covered by

and Greenwood^ and more recently by Damstra^ and Tuohy^ \

Consider figure 3.18, a generalised single phase representa­

tion of a circuit containing load-side capacitance C, inductance 

L and resistance R. When the current T through the switch is chop­

ped, the current through the inductance continues to flow by 

circulating in the capacitance. The voltage across the load



of.,c ilia tee at a frequency determined by the magnitudes of L and C. 

This oscillation will be damped due to the losses or resistance 

present in the circuit. However, for simplicity first consider

oO

Fig.3-18, Simplified equivalent circuit for c u r re n t  chopping.

the case of a circuit with no losses. If Ih- load current I is 

inductive i.e. lagging power factor, the voltage induced in the 

inductance by the current chop opposes this change in current.
The first half-cycle of the oscillation is therefore added to the 

supply voltage as shown in figure 3*19.
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p
Energy stored in capacitor just before interruption =

Energy released from the inductance b- the current chop =

Energy in capacit'" after current chvp = lCVp
Equating energy before and aft., current chop and neglecting losses,

= 4cv* ♦ ... (i)

This gives the un-'imum transient voltage peak across the load as,

V  ̂ M  + I2 ( V O  ... (2)p o o
Thus the added overvoltage generated by the energy trapped in the

circuit when current chopping occurs is,

VLjC = Io J i / Z  ... (3)
where is the current chopped and J L/C is iciown as the surge 

impedance of the load. The voltage across the load, from the time 

of current chopping is described by,

V = Io v/ l/C’ sin k i p  ' V^coswt ... (4)
where is the voltage across the load at the instant of current 

chopping and u;o - J\/IC , and W  = 2nx power frequency.
If losses are considered eqn. (4) is modified by a damping term 

and becomes,
t

V = e" 2EC (IG v/L/c' sinW^t + V^cosWt) ... (5)

where 6J now becomes, / _1_ _  1__ ,A j Z  -
V  LC 4E2C?

The overvoltage generated by current chopping is thus shown 

to be a function of the current chopped and the su.-ge impedance 

and damping of the circuit.



3 .7 AC i u \! on a__ ;■!» "'c:'

The teF,i circuit of figure 3*20 was used. Thene were 3 phaae 

teste at o,( kV using a 6,(■ kV GIX3 vacuum contactor, 18 and 90 

meters of ' ,6 kV P.I.L.C. (paper Insulated, load-ccvcred) cable, 

and a . , kV, COO kW motor supplied by GJXJ Machines. Thirty 

capacitov; were connect d * i the supply side on each phase between 

line and neutral (neutral earthed) to simulate connected cables 

and newer factor correctit n capacitors. The monitoring equipment 

used consisted of two digital storage oscilloscopes (Gould Advance 

OS4000), two Tektronix 556 oscilloscopes, and a 7 channel tape 

recorder (Philips Analog 7)•

ill speed on no-load with 18m# of 

, ,.~c recorded. As all three pha. es were monitored this yield

wing was 0,5 p.u.
(1 p.u. ,4 kV) with a maximum cf 1,0 p.u, A typical switch-

.1

togra:.. in f: ure 3*22. The frequency of oscillation was constant 

and approximately 10 Mir..

The values of our e impedance for induction machines varies 

widely and cannot bo generalised in termo of machine rating al­

though there i.-. a tendency for values of surge imp« unco to be 

higher for s; tiler nn< hinoz . From collated manufactures' speci­

fications and other published information ̂ 1 * ̂ it appears that 

values of nurgo i.rape : nee of between 1 and 3 kohmo are common.

The value of the surge impedance of the motor used was not avail­

able but the surge impedance for a similar 6,6 kV 2.-5 kM motor 

was mo .' nr. d to be 2 193 onmc. Therefore, assuming the surge 

impede nee f the , ■ )0 );'•/ motor to be of the order of 2 200 ohms, 

the avc chopping current of the GlIC contact r is calculated to 

be 0,6.1 amps, (approx,) with a max. of 1,22 amps., using the result 

from figure 3* 2 and equation (3) on page 39*
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, The maenitudce of the current chopping transient with 90m. 

of cable were very similar to that of the l8m. of cable except 

that the frequency of oscillation was observed to drop to 3,5 kHz

(approx.).

3.8 COHPARIGC:? 3:':r'.fZE:I Tr.P, RY AIID
Graphs of capacitance ana inducts.ice of various cable c.i.zes

• (39)are shovm in figure 3.23. These were translated from Konorski 
From this it can be seen that the capacitance of 6,o kV cable,

(35 nm2 ) is approx. 0,25 ^F/km. Therefore the capacitance o' l8m. 

of cable is approx. 0,0045 pF. The cable capacitance as well as 

that of the 30 pF capacitors are both between line and earth. They 
are thus effectively in series across the vacuum contactors. :here- 

fora the total parallel capacitance in the motor tests with 1 n. 

of cable was approx. 0,0045 uF. From 3.3.2 the average current 
chopping level should therefore be approx. 0,45 amps, (considering 

the 5A curves) with a max. of 0,68 amps.

With 90m. of cable, the parallel capacitance shovld be approx. 

0,0225 pF giving an average current chopping level of approx.

0,70 amps, and a max. of 0,90 amps.
The calculations from the actual overvoltages of 0,61 amps, 

average and max. 1,22 amps, are thus in quite good agreement, and 

shows that calculation can give approx. the correct values.
The frequency of the current chopping transient is given by,

f  = h ' ^ T h '

With 18m. of cable C= 0,0045 pF and the motor's inductance was 

calculated to I L = 86 mil. This yields a frequency of 8 kHz. 

approx. compared with the measured 10 ’dlz. lor the 90 n. 
of cable the calculated figure is 3,6 kHz and the measured fre­

quency 3,5 kHz. Again the correlation is very good.
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3.9 VIRTUAL CURHSNT CIIOPPinG
(19 2 1 ^This has b^en reported avid discussed in various papers *

This phenomena can be explained as follows: The first interrupting

phase produces multiple reignition which causes transient current

to flov and high frequency current is induced in the other phases

by mutual coupling of the three phase circuit. As a result, this

high-frequency current is superimposed on it's interruption current
(19)to produce a current zero.In the paper by Murano et al , they

say "The smaller the current chopping value of the contact material 

of the vacuum switch, the smaller the high frequency arc extinguis­
hing capability, and the more difficult the occurance of the three- 

phase simultaneous ^.iterruption becomes".
The experiments done on the motor tend to bear this out since 

no virtual current chopping was observed during all the tests done, 

when using the low current chopping GEC contactor.
Tests are described in 3.10 switching a small distribution 

transformer. Here the no load magnetising current of the trans­

former was comparable with the current chopping level of the con­

tactor and switch-off three-phase simaltaneous interruption 

was very much in evidence.

3.10 TESTS ON A TRANSFORM:R

Tht test circuit is shown in figure 3*24 and it’s equivalent 

single phase diagram is given in figure 3,25 showing actual circuit 
values. The cable parameters are strictly distributed values but 

have been shown as lumped values for simplicity. The transformer 

used in the tests had a magnetising current of only 0,27 amps., 
which wan below the normal current chopping level of the contactor.
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Two lencths of cable were uned in the tecta, 18 and 90ra. The 

vacuum contactor was a 6,6 kV G1X type VC3AD400C7 rated at 

400 amps. The power factor correction capacitors and CR sup­
pressor were connected to the circuit to examine their effect 

on the transients.

The results arc further discussed in 4.6.2, and 6.1,4
Of interest here is only the fact that three-phase simultaneous 

interruption occured, A typical switch-off rectrike transient 

ir shown in figure 3*26. Also monitored were the high frequency 

currents. The largest transients obtained were with the power 

factor correction capacitors connected to the supply, RC surge 

suppressor disconnected, short cable between transformer and con­

tactor panel and no supply cable i.e. the supply was connected 

to the contactor by short, direct, single core cables.

Twelve switch-off operations were performed and for each 
operation measurements were made of maximum overvoltage, maximum 

voltage swing, number of strikes and duration of transient.

Graphs of the results are shown in figure 3.27. The maximum 
overvolta-o was 2,00 p.u. which shows that three-phase simulta­

neous interruption does not necessarily mean that very high over- 

volt'age should occur. It should however be pointed out that the 
case where the current being interrupted is of the order of m a g ­

nitude of the current chopping level is not the same as when the 

current is higher and is forced to zero by three-phase coupling 

of the circuit,

3.11 CC’ IC LU ';ilO IfS  AND DIDCUnGIOT;

It has been shoi/n that the current chopping level of a vacuum 

contactor depends strongly on the contact material. Similar tests
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the GEC contactor.
The wide distributions of current chopping levels obtained

in the tests were probably duo to the fact that poirt-on-wavc

switching was not employed. Without this the arcing time varies

widely and the contacts will be heated to different temperatures

depending on the arcing time.
The results of actual motor testa confii.a that the GEC con­

tactor has a ver- low current chopping level. In no case of full 
speed, or near full speed, switch-off was any voltage transient of 

significant magnitude recorded. In any practical circuit, the 

frequency of the current chopping transient is relatively low, 
and unless of excessive magnitude, will not give rise to excessive

..achine turn to turn voltages.
No virtual current chopping occurred when the GEC vacuum 

contactor switched a high impedance (2,2 kohm) motor under worst 

case practical conditions, i.e. capacitance on the supply and 

short cables.
A form of three-phase simultaneous interruption was found to 

occur however when a 250 kVA transformer was switched, which had 

a magnetising current lower than the current chopping level of 
the GEC contactor used. However, the largest voltage magnitude .to 

earth recorded was only 2,0 p.u.



SWITCH-ON PRl^STRIKES

4.1 MECHANISM OF A PRESTRIKg
Vacuum contactors, because of their inherent hijh rate of 

dielectric recovery, can produce during a late stage of the closing 

operation, a train of pulses. During the closing operation a stage 

is reached when an arc la struck between the approaching contacts. 
Depending on circuit constants, a high frequency oscillatory current 

may be super-imposed on the inrush current, and-may create bnei 

current zeros. By interrupting during one of these zeros, the 
vacuum contactor may isolate the load circuit whilst a substantial 

power frequency current is flowing. The resultant oscillation of 
the load circuit restores the voltage across the contact gap which 

again breaks down and the whole process, depending on the speeu 

with which the contacts are closing and circuit constants, can be 
repeated many times before it is terminated as contacts touch.

Each restrike increases the circuit energy and hence the prospec­

tive magnitude of the circuit recovery voltage and rate of rise 
of voltage across the contacts. Against this, the gap is reducing 

and so too the dielectric strength which determines the voltage 

at which the gap breaks down. The result in clearly discernable 

in figure 4.1 which shows a prcstrike transient recorded on the 
single phase motor simulating circuit shown in figure 4.2. Figure

4.3 shows early prcstrikes almost certainly caused by whiskers of
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contact material which were burnt-off during the brief flow of 

current, thereby restoring the gap strength. Also clearly shown 

are the circuit recovery voltages. Referring to figure 4,1 it is 

interesting to note the switch's ability of subsequently supporting 
a higher voltage than that which initially precipitated the pre- 

strike , in spite of the progressive reduction of gap. This "under­

shoot" results in surges larger than 2,0 p.u. occurring contrary 

to published information^ ' * *  ̂ which stated that the magnitude of

these prestrikes is limited to only the 2,0 p.u. which occurs because 
of voltage reflection.

Measurements were made of tl s voltage withstand capabilities 

of a 6,6 kV GDC vacuum contactor as a function of opening distance 
with three forms of voltage.

(a) 50 c/s alternating current.
(b) Direct current.

(c) A 1/50 poec. impulse.

These are illustrated in figure 4.4 and as can be seen the 
dielectric strength is greater for steeper rates of rise in the 

small distance during which prestriking occurs. Hence in a pre- 

strike transient, the initial strike occurs at 50 c/s and io rela­
tively small. Succeeding reetrikes occur at the frequency of the 

recovery voltage, which is in most practical circuits of the 

order of 10 kHz, and hence the dielectric strength io greater 
and breaks down at higher voltages,

I
4.2 rARAMDi'DRG OF PriKSTRIKKS

The amplitude, duration and frequency of the prestrike tran­
sients are determined by:-

(a) Supply capacitance.

(b) Cable capacitance.

(c) load side inductance e.g. motor stalled inductance.
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'(d) Point on supply wave at which the closure occurs.

(e) Physical condition of the contacts and the vacuum bottle.

(f) Speed of closure cf the contacts.

4 .3 SIMULATED TEST RESULTS
Since the prestrike transients are at hiph frequency for a 

very short time, typically less than 1msec., the energy to produce 

them is supplied by the capacitance on the source side of the contactor, 

such as connected cables and/or power factor correction capacitors.

They are therefore likely to be greatest when such capacitance is 
significant. Initial tests were therefore carried out using a d.c. 

charged capacitor as shown in figure 4-&2.

In the single phase simulated circuit, the maximum recorded 

voltage across the coil simulating the motor's standstill inductance 

with l8n. of cable was 2,7 p.u. to earth (maximum voltage swing 
4.0 p.u.) with an average maximum peak of 2,4 p.u. (average max. 

voltage swing 2,7 p.u.) It must be emphasised however, that this 

circuit simulates always switching on a voltage peak.
The single phase simulated circuit was found to be use 1ul in 

determining the effect of varying the various parameters involved, 

e.g. inductance of motor, inductance in supply circuit, lengths 

of cable, KU suppressors across the coil, etc. A record of a pre- 

strike transient with 100m. of simulated cable using the single 

phase simulated circuit is^shown i« figure 4.1.

4.4 EFFECT OF CABLE LKNGTn
Figure 4.5 shows a table of the results of varying lengths of 

simulated cable using the single phase mote * simulating circuit.
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Figure 4.6 and figure 4.7 show the effect on magnitudes and rates 

of rise. Whilst the duration and number of i /ikes might be com­

parable with an actual on site case, the rates of rice and nagni- 

ti tes have been found to be lower and higher respectively than in 
practice. This is due to the difference of "lumped" capacitance 

in the case of the simulated circuit and the distributed capaci­

tance with an actual cable and motor.
It is interesting to compare the results of this test with 

those reported by Smith ' ' shown i i figure 4.3. Ignoring the 
effects of capacitors for the time being, it can be seen that the 

general trend is for the magnitudes to increase till approx. 1C0m. 
of cable then level off. The results obtained by the author show 

a very similar trend.

4.5 ACTUAL TESTS ON A MOTOR
4,5.1 DESChTFTlON OF TESTS

The test circuit was the same as that shown in figure 3 .-21. 
these were three phase tests at 6,6 kV using a 6,6 kv GEL 
vacuum contactor, 18 and 90 meters oi K.I.L.C. cable and 
p 6t6 kV, 200 kW motor. Thirty pi capacitors were connected 

on the supply side on each phase and tne neutral was earthed.
The tests were done in collaboration with the C.a.I.R. 

using their monitoring equipment. This included 3 h.V, poten­
tiometers, 2 digital oscilloscopes (Gould Advance Type 034000) 

tape recorder (Philips Analog 7) and 2 oscilliscopos (Tek­

tronix 556).

4,5.2 RESULTS
Twelve switch-on operations wore recorded, using l£n. of
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cable between the contactor and the motor. All three phases 

were monitored yieldinC 56 records of prestrike transients.
The average max. voltage swing recorded was 1,7 p.u., whilst

the maximum was 3,1 P.u. The average number of major strikes
was 25 with a max. of 40. The average duration time was 880 psec.

with a max. of 1300 pscc.
A typical record is shown in figure 4.9 and the histogram

of the max. voltage swings is shown in figure 4.10. The max.

rate of rise of the transients is of the order of 1,4 p.u. in

0,3 jisec. i.e. 25 kV/psec.
The probability of magnitude of any one strike in a pre­

strike transient with 18m. of cable is shown in figure 4.11.
Three operations were recorded of switch-ons with 90a. c* 

cable between the contactor and the motor. All three phases

were monitored yielding 9 transients.
The average max. voltage swing was 2,1 p.u. with a max. 

recorded of 3,5 p.u. Typical records are shown in figure 4.12 

and 4.13. The similarity between these transients and those 
recorded using the simulated single phase test set, figure -.1, 

l8 noticeable. The max. rate of rise recorded was 3,0 p.u. in 

*1,5 psec., i.e. 10,8 kV/psec. (approx.).

4,6 ACTUAL TESTS ON TKANSITORKLR
4.6.1 ARC FURL ACL TRAXCFORL.u: SWITCHING

On site measurements were conducted on a 6,6 kV GTC vacuum 

contactor switching a 2000 kVA arc furnace transformer. The 
circuit diagram is shown in figure 4.14 and a typical switch­

on transient is shown in figure 4.15.
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5kV/div, 

ICO jjsecVdiv

m m

arc furnace trans*crm_or.

As css be seen the of the transient are nodes'.

1,7 P.U.). Approx, 50 switch-.no were monitored, n-,

.

as monitored.

,

.on partly described in ,.10. Six circuit configurations wore 

nv stirated and they are listed below:
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Switch ON

Max, ovorvoltaj e recorded (p.u. peak) 
Average max. overvolta-e (p.'J. peak) 
Standard deviation

2,00
1,14
0,41

Max. voltare awing recorded (p.u. pcak-peak, 
Average max. voltare swing (p.u. pea.fC~pea.cJ 
Standard deviation

2,00
1,18
0,47

Max. number of strikes recorded 
Average number of strikes 
Standard deviation

4,00
2,22
1,07

Max. duration of transient (ms) 
Average duration of transient (ms) 
Standard deviation

2,18
1,09
0,57
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. R e s u l t s  of transformer switch-on te s ts A.
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Current
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B i l B S S I i S

Blue phase

Voltage: 1 p.u./div, (Top trace) 

Current:  5 0 A./div.(Bottom trace) 

Time: 200psec./div.

Yellow phase
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B, Without power factor correction capacitors con­
nected to the supply, without RC surge suppressor, 
short load cable and no supply cable. Eleven switch- 
on operations were recorded of voltage and current in 
each phase. The results are shown in figure 4.15 and 
a typical recording of the switch-on is shown in fig­
ure 4,19*

C. Ho power factor correction capacitors, long load 
cable (90m.), between contactor and transformer, short 
supply cable, RC surge suppressor disconnected. Ten 
switch-on recordings of voltage and current in each 
phase were taken. The results are shown in figure 4.20 
and a typical recording in figure 4.21.

D. As for C but with power factor correction capaci­
tors connected to che supply. Measurements were made 
of the transients generated in each phase for 11 switch 
on operations. The results are given in figure 4.22 
and a typical transient is shown in figure 4.23.

E. With power factor correction capacitors connected, 
short load cable, long supply cable, no RC suppressor. 
Measurements were made of the transients generated in 
each phase for 11 switch-on operations. ;ho results 
are shown in figure 4.24 and a typical transient is 
shown in figure 4.25#

F. Without power factor correction capacitors, short 
load cable, long supply cable, nc RC suppressor. Mea­
surements wore made of the transients generated in each 
phase for 10 switch-on operations. The results are 
given in figure 4.26 and a typical transient is shown 
in figure 4,27.

4• 7 SUMMARY AMD I) M'CUMOICIi
The simulated tost results were a useful way of starting the 

investigation into prontrikes. The mechanism, and what contributes 

to it's form, can bo easily studied. In fact it was only during 

there tests that the ^hjnoraena of very early prestrikes due to 
whiskers, were recorded. At no stage during any motor or trans­

former switching were early prestrikes ever again recorded. It



Suitch ON

M u x . overvoltage recorded (p .u . peak) 1.2.
Average max. overvoltage (p .u . peak) 0.81
Standard devj itior 0.28
Max. voltage suing recorded (p .u . poak-

Pen^ • 1.6
Average max. voltage suing (p.u.peak-

peak) 0.89
Standard deviation 0.42
Max. number of strikes recorded 4
Average number of strikes 1 .93
Standard deviation 1 .26
Max. duration of transient recorded

(ms) 2.03
Average duration of transient recorded

(ms) 1.03
Standard ' • •?tion 0.58
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T ra c e  po la r i ty  reversed

*>-
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Fig 4 .19. T ra n s fo rm e r  sw i tch -on  t r a n s ie n t s  B
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V o l t a g e : 1 p.u. /d e .  ( Tap trace) 

Current:  50 A./div.(Bottomtrace) 
T im e. 200/usec./div.

Yellow phase



Suiteh On

Max. Overvoltage recorded (p.u.Peak) 1.4 '
Average Max.Overvoltage (p.u.peak) 0.81
Standard Deviation 0.33

fiax. Voltage Suing recorded (p.u.
peak-peak) 1.4

Average max.voltage suing (p.u. peak-peak) 0.88
Standard Deviation 0.38
Maximum number of strikes recorded 3
Average number of strikes 1 .63
Standard Deviation 0.67

Max. Duration of Transient recorded (ms) 2.19
Average Duration of Transient (ms) 0.97
Standard Deviation 0,63
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Fig. A .20. Results of t ransformer s w itc h -o n  tes ts  C



Trace polarity reversed 79
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Vohage 1 p.u./div. (Top trace) 

C u r r e n t ;  5 0 A /div.(Bottom trace 

Time .• 2 0 0  psec./div.
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Switch ON

Max. eClvervol t?ige recorded (p.u. pk) 2.0
Average overvoltage (p.u. pk) 1.32
Standard Deviation 0.95

Max. Voltage suing recorded (p.u. pk-pk) 2.0
Average Voltage Suing (p.u. pk-pk) 1 .09
Standard Deviation 0.44

Max. Number of strikes recorded 3
Averaoe number of strikes 1.3
Standard Deviation 0.81

Max. Duration of Transient Recorded (ms) 1 ,88
Average Duration of Transient (ms) 0,61
Standard Deviation 0,51
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Fjg. A .22, R e su l ts  of transformer switch -  on tests D.



Trace p o la r ih  reversed
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1.4 
0.87 
0. 28

Nax. Number of strikes recorded 
Average number of strikes 
Standard Deviation
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T rn c  o P o la r i ty  Reversed
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Switch ON

Max.Overvoltage recorded (p.u. peak) 1.2
Average Max.Overvoltage (p.u. peak) 0.79
Standard Deviation 0. 25

Max.Voltage Suing Recorded (p.u. peak-pcak) 1.4
Average Max.Voltage Suing (p.u. peak-peak) 0.88
Standard Deviation 0.32

Max.Number of strikes recorded 5
Average number of strikes 2.75
Standard Deviation 1 .36

Max.Duration of Transient Recorded (ms) 2.03
Average Duration of Transient (ms) 1.2
Standard Deviation 0.67
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was also on the simulated circuit that transients were observed 
to exceed 2,0 p.u. contrary to what had been published. The form 

of these transients is also very amenable to analysis, and the 

various frequencies present can be attributed to various oscil­

lations taking place in the circuit. Also clearly disccrnable 

is the manner in which the strikes are doubled due to mismatch 

of circuit surge impedances.
However, the only true way of determining prestriking pheno­

mena is with actual circuit elements. For this reason over 200 

switch-on operations were monitored switching an actual motor and 

transformer, under various circuit configurations.
The rates of rise of prestrikes as measured at the motor ter­

minals was greatest for short cables, and a value of 25 kV/psec. 

was recorded for one switch-on transient. This was for a practi­
cally worst case, as supply capacitance was in abundance and there 

waj no supply cable to speak of. Also the motor switched was of 

relatively high surge impedance (2,2 kohm.).
Only voltage swings are shown recorded for the motor tests.

As with restrikes, it is only the rates of rise which arc really 

important, as it is these which can lead to turn to turn insula­

tion failuree
Prcstrike transients, in the worst cose, can be considered 

to involve 20 major strikes, with swings at or just about 3,0 p.u. 
The rise tines will not be less than 0,5 psec. With longer cables, 

or higher impedance supplies, rates of rise and numbers of major 

strikes are reduced.
The above only applies to the GEC contactor switching motors, 

and other types of contactors may well produce different results.
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The rates of rise, however, are a function of the circuit para­

meters, ard any switch which prestrjJ.es will have similar rates

of rise.
A summary of the results obtained when switching the <'r<0 kVA 

transformer is shown in table 4.1. The maximum number of prestrikes 

recorded was 5 with an average of 2. The largest switch-on over­

voltage recorded was 2,0 p.u. with an average of 0,96 p.u. The 
figures for voltage swing are similar. There was no superimposed 

"ringing" present on the preatrike transients, except for a very

small amount in test series D.
All the transients were of low magnitude and were of no dan­

ger to the di *■. ibution transformer used in the tests, which had a

lightning impulse level of 79 kV (almost 14 p.u.)..
The equipment used to monitor the transients was hired, and 

unfortunately there was a fault in the triggering unit which trig­
gered the oscilloscope used to measure rates of rise. Consequent­
ly, no rates of rise of transient voltages or currents were measured.

Referring to table 4.1, a comparison between tests A and n,

C and D, E and F shows that the overvoltages generated when there 
was power factor correction capacitance connected to the supply, were 

wore severe than when this capacitance was absent.
Other less significant conclusions may be drawn by comparison

cf the test results of the various test circuits.
Comparing tests A with E and D with F indicates that when power 

factor correction capacitors were connected to the supply, the 
switch-on overvoltages generated were worse when there was no sup­

ply cable i.e. directly connected.
Also, with power factor correction capacitance, a comparison 

between tests D and E indicates that prestrike overvoltages were



Max.Overvoltage (p.u. pe ;k) 
Average Overvoltage (p.u. peak) 
Stanoard Deviation

Max.Voltage Suing (p u . pk-pk)

Maximum Number of Strike 
Average Number of Str;keu 
Standard Deviatio

Maximum duration of Transients (ma 
Average Duration of Tranaien (ma 
Standard Deviation

SWITCH-ON

2.00
1.14
0 . 4 1

2.00 
1 . 18 
0 .4?

B

1 .20  
0.81 
0 . 28

1 .60 
0.89 
0.42

4 . 0 0 4.00
2.22
1 . 0 7

2 . 1 8  
1 . 0 9  
0 . 57

1 . 9 3  
1 . 26

2.03 
1 .03 
0 . 5 8

A
B
c
D
E
F

1 .40 
0.81 
0.33

1.40
0.88
0.38

3.00
1.63
0.67

2.19
0.97
0.63

D

2.00 
1 . 32 
0.95

2.00 
1 .09 
0.44

3.00 
1. 30 
0.81

1 . 8 8  
0.61 
0.51 !
____ J

1 .40 
0.87 
0.28

1 .70 
0. 90 
0.36

4.00 
2.18 
1 .07

2.03
0.85
0.61

1 . 20 
0.79 
0.25

1 .40 
0.88 
0. 32

5.0
2 . 7 5
1.36

2.03 
1 . 20 
0.67

• i short load cable ; no supply caole.
= --'u load cable ; no s u p p l y  cable.
;  ...  >""" sable ; short, supply cable.

’ ' ' cable , short supply cable.
' loed cable i long supply cable.

P -'- Cbtrect ion cap ; short load caole long supply cable.

- b!" ' ' f ^ n d e ,  w t o u s c i r c u i t  conditions.



larger for the circuit with long load cable and short supply 
cable. However without power factor correction capacitance, the 

pr-etrike overvoltages for the two circuits were sirilar.
An interesting feature of the transformer tests was the moni­

toring of the high frequency currents when striking took place.

It is difficult from the results to determine the contactors high 

frequency current interrupting ability. Tests conducted in the U.K 

by GEC Industrial Controls yielded a figure of, typically 20 A/psec 

and from what.can be d mined from the results this is approx.

correct.
It 1. intf.resting to coopar. this fiCure with those d.t.r- 

oiued by Isaail' for vaoumn oirouit breaker interrupters. Be 

obtained approx. 250 A/pseo. for the CE interrupter and between 

400 and 750 A/psec. for the V.I.L. interrupter. It is to be 
expected therefore that the oirouit breaker interrupt high fre­

quency currents more easily than the GEC vacuun contactor, and 

that the contactor will allow acre "ringing" to take place before 

finally interrupting the high frequency current. This is core 
particularly disoernable in the motor and simulated test circuit,.

Also of interest, in the transformer tests, are the magne­

tising inrush currents which can just be seen starting to flow.
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C H A P T E R  5

R %S? R1KE ?R A: 1.11 El ,’T o

5.1 HECHAinr.:: of a Ri-::vrRir.K

When switching off a stalled induction motor, lightly loaded 

transformer, or inductor, because of the low power factor, current 

zeros a p p r o a c h . co-incidence with supply system peak voltages. 

Immediately following arc interruption, the switch gap is called 

upon to withstand a high voltage. If the switch gap is very small, 

at this instant in tine, it may break down, and with suitable cir­

cuit constants, initiate a restrike transient. The transient is 

similar to the previously described prestrike transient with the 

important difference that the gap is increasing and with the switch 
breakdown strength growing, the magnitude of successive restrikes

will increase.
At each reignition, some of the energy stored in the load is 

returned to the source. Because of this, the prospective voltage 

to which the transient is attempting to rice, diminish'- with 
each successive reignition and the energy in the load decreases 
However, as mentioned, the voltage of each successive reignition 

increases as the gap reparation ic increasing and can support 

increasingly higher voltage. See figure 5.1 (a) and (b).

5.2 REI.ATIO:i.T'Il' TO _CURRENT CHOPPING

The initial prospective overvoltages in figure 5.1 (a) and 

(b) are determined by the current chopped and the surge impedance 

of the circuit as shown in paragraph 3.6. Thus for identical circuits



prospective overvoltage transient

5 0  Hz supply voltagje ign it ions

Fig .51(a) .  V o l t a g e  across c o n ta c ts .

prospective overvoltages

50 Hz supply voltago

reignitions

Fig.5.1.1b!. Load voltage.

switches having higher chopping current levels than others, will 
breakdown relatively earlier than those with low current chopping 

levels. The magnitude ol the restrikes however is primarily de­

termined by the dielectric strength of the individual switches 

as discussed further in 5.4.
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5.3 a c t u a l  o;r a kctcr
No reetrikinc can occur when a motor is switched off at 

full speed or near full speed, The reason'for this is that the 

moior is still generating back emf. and there exists very little 
potential, difference across the contactor once interruption occurs. 

However, as can be seen by the following tests, there is a very
m

good probability of restriking occurring when the motor is switch­

ed off at standstill, or very near to standstill, as would occur 

when inching a motor for example.
The tests were conducted on the same circuit as that for

3.7 and 4.5 and is as shown in figure 3.20. One hundred and two 
switch-off operations whilst drawing starting current (no back emf.) 

were recorded, using the 6,-5 kV GDC vacuum contactor with lom. of 

cable connected between the ontactor and the motor. All three 
phases were monitored, yielding a total of 185 transients.

Thirty-three per cent of the transients were "clean" breaks 
witn only current chopping occurring as can be seen in figure 5.2. 

Thirty-six per cent included unsuccessful attempts to break the 

current with restriking occurring. A typical record of this is 
shown in figure 5.3. Thirty-one per cent were of the type where 

restriking occurred, but the current was cut off and current 

chopping eventually occurred, A typical record of this is shown 

in figure 5.4.
The average max. voltage o w i n g  of all these transients was 

1,6''’ p.u. with a standard deviation of 0,63 p.u. and a maximum 
recorded of 3,6 p.u. The greatest rate of rise that could be 

recorded with those transients was 3,0 p.u. in 1 ytsec., i.e.

16,2 aV/;i'-.oc. (approx.) and the frequency of the current chop­

ping was 10 kITc as before.
The histogram of these results is shown in figure 5,5. Fif­

ty-five switch-off operations were also recorded with 90m. of cable
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5.3 ACTUAL T:;'’T3 ON A MOTOR

No reetrikinc can occur when a motor is switched off at 

full speed or near full speed, The reason for this is that the 

motor is still generating back emf. and there exists very little 
potential, difference across the contactor on - interruption occurs. 
However, as can be seen by the following tests, there is a very 

good probability of restriking occurring when the motor is switch­

ed off at standstill, or very near to standstill, as would occur 

when inching a motor for example.
The t 'sts vcre conducted on the sane circuit as that for

3.7 and 4.5 and is as shown in figure 3.20. One hundred and two 

svitch-off o erations whilst drawing starting current (no back emf.) 

were recorded, using the 6,6 kV G X  vacuum contactor with iSm. of 

cable coinectcd between the contactor and the motor. All three 

phases were monitored, yielding a total of 185 transients.
Thirty-three per cent of the transients were "clean" breaks 

with only current chopping occurring as can be seen in figure 5.2 . 
Thirty-six per cent included unsuccessful attempts to break the 

current with restriking occurring. A typical record of this is 

shown in figure 5.3. Thirty-one per cent were of the type where 

restriking occurred, but the current was cut off and current 

chopping eventually occurred. A typical record of this is shown 

in figure 5.4.
The average max. voltage owing of all those transients was 

1,67 p.u. with a standard deviation of 0,63 p.u. and a maximum 
recorded of 3,6 p.u. The greatest rate of rice that could be 

recorded with those transients war 3,0 p.u. in 1 fioec., i.e.

16,2 kV/;r.oc, (approx.) and the frequency of the current chop­

ping was 10 Mis as before.
The histogram of these results is shown in figure 5.5. Fif­

ty-five switch-off operations were* also recorded with 90m. of cable
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Yellow
Blue

Red

5.0 p.u./cm. 
25 msecVcm.

0,5 pu./cm. 
2 psec./cm.



F
re

qu
en

cy

96

w ith  18m. of cable

Ave. Max.Volt. S w m q. P-u.

S t a n d a r d  D e v ia t io n .0,63 p.u.

1 p.u.= 5,4 kV.
6 0  ■■

5 0 "

4 0 "

30

20

I —

2^0 2;5 3,5

M a g n i tu d e  of Max.Volt. S w ing  (P.u.)
1.0

Fig.5.5. Probabil ity of switch -  off ot sturt max. voltage swing

f



97

between the contactor and the motor. All three phases were apain 

monitored yielding a total of 13? transients. The average max. 

voltage, swing was 2,19 p.u. with a standard deviation of 1,23 P*u. 

and a max. recorded of 7,5 p.u. This very large transient is shown 

in figure 5.6 and 5.7. The max. voltage above earth was 4,5 p.u.

This transient had i rate of rise of 40,0 kV in 4 psec., i.e.

10 LV/usec. This was also the largest rate of rise
recorded for this test. The frequency of the current chopping with 

the longer cable was found to have dropped '•o 3,5 kHz. The histo­

gram is shown in figure 5*8*
A typical record of voltage escul'ation occurring at cwitch-off 

at start is shown in figure 5.9. The probability of a max. voltage 

swing occurring above 5,0 p.u. with 13m. of cable was estimated to 
be approximately zero. The probability of a max. voltage swing

above 7,0 p.u. with 90m. of cable at switch-off on start was esti­
mated from the results as being 1 in .000 operations.

5*4 COMPARISON WITH THEORY
5.4.I INTRODUCTION

A restrike occurs in a vacuum switch when the recovery 

voltage across the switch exceeds the dielectric strength 
after current extinction has occurred. This section uses 
measurements of dielectric strength and opening speeds of a 
6,6 kV GEC vacuum contactor to dctcrm.’rc the relative values 
of reatrikcs which would occur with different lengths of cable 

i.e. 18 and 90m., switching a standstill motor. The motor 

switched by the contactor was assumed to be 225 kW. 1 he c/'blo 
used in the calculations is 6,6 kV P. I ,L.C. lomm. x 3 '‘-ore.

A simplified parallel C and LI circuit is used to calculate
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the recovery voltage using the Laplace transform.
Finally, curves are plotted for various times that the 

contacts open before arc extinction occurs, to show the ef­

fects of longer cables on the magnitudes of the restriice 

overvoltages and the probability of a restrike.

5.4.2 FUNDAMENTAL TIL-JORY
Figure 5.10 shows the general pattern of the restrike 

phenomenon of a vacuum switch. Once a current extinction 
occurs, a finite time elapses for the dielectric to recover. 

The value to which the dielectric recovers, ^pendent upon 
the instant of opening of the contacts before a current zero. 

The dielectric strength of the contactor has already been 
shown in figure 4.4. As the frequency of the recovery voltage 
is high, kHz. the 1/50 impulse strength is used in the calcula 

tions and not the 50 c/s dielectric strength, which wou3d pro­

duce incorrect results.
The dielectric recovery times in these calculations were 

taken as for silver contacts in vacuum of 1,27cm. diameter. 

These are taken from Rich and Farrall  ̂ , and are shown in
figure 5.11. Tn their paper, they state that the recovery 

time of the dielectric is partly proportional to the number 

density of the vapour arc. This in turn, is proportional to 

p where p is given by:-

p = - A -
where M = mass of the gas atom

k = Boltzmann constant
T = temperature of the gas.
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Fig. 5 11. Measured reco very  t imes for d i f fe re n t
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GEC's vacuum contactors contain antimony and bismuth, 
and both these have greater relative atomic masses than silver. 

Bismuth has a much lower melting point and will therefore con­

tribute the majority of the vapour arc. It's relative : .omic 

mass is 208,98 as compared with silver 107,8?. Therefore it 

is expected that the rice times of the dielectric recovery 
for the contactor will be shorter than those experienced with 

silver contacts. But, as shall be seen, these times are much 
shorter than the rise times of the recovery voltages across the 

contacts, so do not really enter into the calculations or 

theory.
Figure 5«12 is a graph of the opening speed of the contac­

tor. TTis is from tests done by the author on the 6,6 k\ GEC 

contactor
The circuit used to determine the recovery voltage across

the contacts is shown in figure 5e13, and the calculations
(49)are based on an example by J.C. Jaeger .

0 i l l

Vcosu)5t
C

R

Circuit used to determine recovery voltage.
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5.4.3 CALCULATIONS
In figure 5.13, the supply feeds a parallel combination

of capacitance C (cable) and inductive resistance L,R (stand­

still reactance of the motor), when at t = 0 the switch is 
opened. This is taken as the actual moment that arc extinc­

tion occurs. For these calculations, to simplify matters- it 
is assumed that »rc extinction occurs at or near current zero 

and that the load is of low power factor, so that at t = 0, 

the supply voltage is at a maximum and the current ;s zero.

The mesh equation for the circu:t is

0 = i(t)R + Ldi(t) + 1  f i(t)dt 
dt C J

Asaumo that at tin. = 0, i(t) = 0 and that th. capacitor is 

charred to V volts. The initial charge on the capacitor will

be q© = VC.
Taking Laplace transforms the equation becomes,

0 = i(s)R + sLi(s) - Li(04) + i(.sl + 3a.sC sC

- VC = (R > sL > 1 ) i(s)
SC sC

i.e. - V = 1_ (sRC + s' LC ♦ 1) i(s)
6 OC

i.e. - V = IiC (s^ t- oR + 1_) K e y  
e iC L IsC
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2 2 2 let R = OC , 1_. = Wo and W o  - = W
2L V lc"

then i(s) = V
L (s + c*.)2 + (Wo2 -oc ) 

now taking inverse Laplace transforms,

i(t) ■ - V e " ^  f Bin W  t 
W  L

The voltage ncross the capacitor is

v = 1 f  iCv)dtcap J

- j lWLC Jv = - V | e sin6Jt dtcap

-  V_ e“ X t  ( - (X s m W t  -W cosW A),  const. 
WLC (. o< )2 ♦ CU 2

at t = °» v cap = V

v = “ lit (° - + Const
cJ LC <x 2 > W  f

O .  2 +  O J  ‘ = O C " t LUo - c< 2 = W e  = 1_1C

Cl) \ + const. 
I 1/LC /

i.e. V = V + const.

* const. = 0

y -oLt ( c< Gin W  t ♦ CU coo W  t) ... (1)
* * VcQP 0

V — — V
Ci) 1X3 V 1/1X3 /

 /L E



The voltage across the switch is therefore

- ]

As is known, in equation (1), if R is neglected and t is 
very snail (1) reduces to Vcos W , .

were <jJ  = 2 n f =

The 225 kW notor chosen, has a standstill inductance of 99 o H. 

per phase and a resistance of 1,55 ohms psr phase.

is of the order of 0,22 ^iF/kn.

Thus for l8r, of cable

c = 0,003 96 p F , R = 1,55 ohms., L = 99 aH» V = g Qgz,"/*

OC *= 7,83, W o  « 50 505, W  = 50 505. 

voltage across the contacts is given by

c = 0,019 8 jiF, R = 1,55 ohne, L = 99 mil, V = 8 084v •

The capacitance of the 6,6 kV P.I.L.C. I6mn.'" cable

8 084 [cos 100 rrt - 1 e"7* ' 5t(?,83 sin 50 5051
50 505

For 90m. cable

<x = 7,83, We = 22 587, Lu ■ 22 587

voltage across the contacts is given by
3 oH4 (7,83 sin 22 5S7t

22 587
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4.4.4
To plot tho dielectric .trennth profile, the relative, 

graphs of dielectric at ungth vc. gap, opening speed and 

dielectric recovery are combined using a known lapae of 

time from contacts part to arc extinction.
Figure 5.14 shows the results for a time from contacts 

part to arc extinction, of 1,0 msec. As can be -json the 
recovery voltage with 90m. of cable intersects the dielectric 

strength relatively higher then with l^m. of cable. ne dif­

ference is approx. 400 volts, which allowing or reflection 

due to mismatch of surge impedance, would result in 0,15 P« -1* 

difference in the average magnitudes of voltage peaks.
Only the first strike is calculated, and this only for 

the sin-lo phase simplified equivalent diagram. Computer 

studies for restrxking in a three phase circuit are very
complex and in fact being currently attempted by the GE com-

.. „ . , (24)nary in the U.S.A. .
Figure 5.15 shows the results for a time from contacts 

part to arc extinction of 2,2 msec. From this it can bo soon 

that the probability of a restrike is greater with shorter 

* cables, but if a restrikc occurs with longer cables, it is 

likely to be of greater magnitude.
Comparing the theory with actual measured results switch­

ing a 200 kW 1  s .ailed motor with 18 and 90m. of cable between 
the contactor and the motor, it was found that there was a 
difference of 0,52 p.u, wd>h the two lengths of cables in the 
max, voltage swing. Tn practice, there is coupling between the
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phases and recovery voltaces will exceed . p.u. acrcso the 
contacts. Pflans<50) has calculated that the nax. peak vol- 

tane that can occur theoretically is 7 p.u. In practice how­
ever this is limited by the dielectric strength of the switch.

As regards the probability, from the actual measurements 

it was found that with iSm. of cable the probability of not 

restricting was 33« i.e. as there is 3.3 msec, between current 
zeros, the time after contacts part to arc extinction would 

he 2,2 msec. In the calculated results, it can be seen 
that after 2,2 msec, the dielectric strength is just begin­

ning to exceed the recovery voltage, confirming that a pro­

bability of 33!* for not restriking is correct.

5,5.1 ARC FURNACE TRANSFORMER .V.vITCHI^u
On site measurements were conducted on a 6,6 kV GEC 

vacuum contactor switching a 2 000 kVA arc furnace transfor- 
mer. The circuit diagram is the saue as that shown in figure 
4,14 and a typical switch-off transients arc shown in figure

. 5.16.
Approx. 30 switch- offs were monitored, mostly on the red 

phase, and the greatest magnitude recorded was 3,5 P.*.

5 , 5 . 2  VACUUM CONT AC VCR MITCI.TI.G A _ ^ 0_kVA
The test circuit was as for figure 3.25 and has already 

been partly described in 3.10. Six circuit configurations 

were investigated and they are listed below.

t i r v s s  s s r s a s w r s s
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(l8in.) between transformer and contactor and no supply 
cable i.e. the supply was connected to the contactor 
by short, direct, single core cables. Twelve switch- 
off operations wer* performed and for each operation 
measurements were made of maximum overvoltage, maxi- 
mum voltage owing, number of restrikes and duration oi 
transient. Graphs of the results were shown in figure 
3,27 and a typical switch-off restrike transient, was 
shown in figure 3.2b.

B. No power factor correction capacitance, no PC surge 
suppressor, short load cable and no supply cable. Ten 
switch-off operations were recorded and graphs ct the 
results are shown in figure 5.17. A typical switch-off 
is shown in figure 5.18.

C. No power factor correction capacitance, Ion' loau 
cable, short supply cable, HC surge suppressor discon­
nected. Ten switch-off operations weie recorued and 
graphs of the results are shown in figure 5.1%  A 
typical switch-off is shown in figure 5.20,

D. As for C but with power factor correction capacitance 
connected to the supply. Ten switch-off operations were 
recorded and graphs of the results is shown in figure 
5.21. A typical switch-off is shown in figure ^.22.

E. Power factor correction capacitance connected, short 
load cable, long supply cable, no RC suppressor. Measure­
ments were made for 11 switch-off operations and graphs 
of the results are shown in figure 5.23. A typical 
switch-off is shown in figure 5.24.

F. No power factor correction capacitance short load 
cable, long supply cable, no RC suppressor. Measure- 
mentfi were made for ten switch-off operation and 
graphs of the results are shown in figure 5.25# A 
typical switch-off is shown in figure 5 .20.
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Average duration of transient (ms) 3,56
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5.6 SUMMARY AND DISCUSSION
Rcstrikes can only occur when there is no back-emf, and when 

low factor loads are switched e.g. stalled notor switching and low 

power factor transformer switching. Hore, current zeros coincide 

with supply system peak voltages.
Futbermore, the occurrence of a restrike depends upon the 

moment in time that contacts part after a current zero. It has 

been shown in the stalled motor switching tests that there is a 
probability of 33?' of only current chopping occurring. Restrikes 

occurred everytime with the 250 kVA transformer no-load switching 

tests, as the no-load current was below that of the current chop-

ping level of the contactor.
The most severe transients, in respect of magnitude.-, occurred

when doing stalled motor switch-offs with substantial lengths of 

cable (e.g. 90=.), The max. voltage swing recorded in the tests 

done with 90m. of cable was 7,5 p.u. with a rise time of 4 psec.
The average max. voltage swing was 2,19 P-u. with a standard devia­

tion of 1,23 P.r. The probability of a max. voltage swing above
7,0 p.u. was estimated, assuming a Gaussian distribution, as being 
1 in 2 000 operations. With 18m. of cable there was no probability

of achieving a voltage swing above 5,0 p.u.
The results of the stalled motor switching tests also show 

that whereas the magnitudes of the transients increase with increase 

in length of cable e.g. 18m. to 90m., the rate of rise decreases.
The average max. voltage swing with 13m. of cable was 1,6? p.u. 

compared with 2,19 p.u. with 90m. of cable. The max. rate of rise

recorded, decreased from 16 kV/psec. to 10 kV/psec.
Comparison with theory, showed that it was possible to prove 

that there was a small probability for restriking to be larger
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with longer cables. The theory that restrirJ-ng should only 

occur within 2,2 msec, of contacts opening after a current zero, 

compared very well with the measured results.
Whilst, the transformer tests did not realize any transients 

of significance, they did show the effect of capacitance on the 

supply, and varying lengths of cable. They were also useful in 

deterraing the effect of P.C suppressors, to be discussed in 6.1.4

Table 5.1 summarises the transformer switching tests, and 

from comparison of tests A and B, C and D, it can be seen that 

the overvoltages generated when there was capacitance connected 

to the supply, are more severe than when this capacitance is 

absent.
Tests when measuring switch-offs when switching a 2 000 kVA 

transformer, show that it was possible to have magnitudes of 

3,5 p.u. when switching transformers.
In conclusion, restriking when switching motors is rare, as 

it only occurs when switching stalled motors, or switch-off at 

start, Whilst it is possible in a worse case to achieve levels 

of magnitude of swings of 7*5 p.u., the rates of rise are less 

than those that can occur when prestriking takes place.
Pestriking when switching transformers, although more fre­

quent, pose little problem in practice for transformers, because 

of their known, proven lightning impulse withstand ability.



SWITCH-OFF

• A B C E F

Max. overvoltage (p.u. peak) 
Average overvoltage (p.u. peak) 
Standard deviation (p.u. peak)

2.00
1.33
0.23

2.00
1.15
0.30

1.20
0.93
0.22

1.60 
0.92 

• 0.33

2.30 
1.29
0., )

2.50
1.21
0.i2

Max. voltage swing (p.u. pk-pk) 
Average voltage owing (p.u. pk-pk) 
Standard deviation (p.u. pk-pk)

2.20
1.35
0.49

2.00
0.94
0.44

1.00
0.43
0.3,9

1.30
0.82
0.48
------

2.10 
1 .10
0 55

1.90
0.95
0.42

Maximum number of strikes 
Average number of strikes 
Standard deviation

8.00
.

2.2b

b .00
2.50
1.55

2.00 
0.53 
o.u 8

6.00
1.73
1.44

8.00
4.03
1.85

7.00
3.89
1.69

Maximum duration of transients (ms) 
Average duration of transients (ms) 
Standard deviation (mo)

4.69
3.12
0.69

4.06
2.95
0.81

10.9
7.48
1.41

9.38
7.19
1.05

4.69
3.56
0.75

6.25
3.87
1.22

A - With p.f. correction cap.; short load cable;'no supply cable.
B - Without p.f. correction cap.; short load cable; no supply cable.
C - Without p.f. correction cap.; lonfi loud cable; short supply cable.
P - With p.f. correction cap.; long load cable; short supply cable.
E - With p.f. correction cap.; short load cable; long supply cable. .
F - Without p.f. correction cap.; short load cable; Ion;; supply cable.

Table  5.1. Summary of t r a n s ie n t s  m e a s u re d  under  various c i rc u i t  co n d i t io n

i
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C H A P T E R  6

SURGE SUPPRESSORS

6,1 TYPES OF SURGE SUPPRESSORS
6,1.1 VOLTAGE LIMITING Djyj^CE3

One of the moot connon surge suppressors is a surge 
dxverter consisting of spark-gaps and non-linear resistors. 

These are designed to be connected betw* en line and earth 

on all phases of the systen, so that they discharge harm- 
lessly to earth any surges travelling along the line towards

then.
The function of the spark-gaps is to prevent the passage 

of current to earth during normal operation. In the event 
of an excessive overvoltage, however, the spark-gaps spark 

over and allow the current to pass through the non-linear 
resistors to earth, thus discharging the surge and preventing 

any further rise of voltage on the system. The non-linear 
resistors are made of a special material, the resistance of 

* which decreases very rapidly as the current through it increa­
ses. It follows, therefore, that such non-linear resistors 

can carry very large currents without the voltage drop across 
them rising to an excessive value. The residual voltage across 

the divcrtcr therefore remains low, thus limiting the voltage 

on the line to a low value. As soon as the surge has been 
discharged, the voltage across the diverter tends to fall and 
the current therefore decreases. The resistance of the resin-
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tors then begins to increase, and the follow-current due to 

the system voltage is thus reduced. Within one half cycle of 
the system frequency the follow-current falls to a negligible 

amount and can thus be interrupted by the spark-gaps. The 

diverter then resumes it's normal non-conducting condition 

and is ready for further operation.
The only function of these arresters is to limit the 

voltage across their terminals to a certain value. They will 
do whatever they must to accomplish this, including committing

. . (51)suiciue •
Voltage limiting devices, or arresters as they are some­

times called, began with simple spark gaps but designs quickly
(52)progressed to multi-gap units with added resistance . As 

power systems grew, this approach proved inadequate and the 

aluminium cell arrester was introduced. This was the first 

arrester to utilise a non-linear resistance material. It's 
high field maintenance requirements initiated the development 

of the lead-oxide film arrester in 1920.
In the 1930s, arresters using series gaps and silicon- 

carbide non-linear resistors were introduced and operated 

* as described in the first part of this section. In the 1cX 0 s  
and early 1970s most improvements in station class arresters
focused on the arrester gap units where arc resistance devclop-

(52)ment and spark-over control were enhanced. Recently, 
development of zinc-oxide-basod non-linear resistors was an­

nounced. These arresters are noted for an absence of scries gaps, 
simple construction ana superior performance characteristics.

They enter into conduction at a specific voltage level, hold
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that level with no change for the duration of the overvoltage 

surge, and ceaoc conduction at approx. the sane voltage at 

which conduction started. The arrester only conducts that 
current required to reduce the surge voltage to the arrester 

protective level and therefore dissipates only the minimum 

energy possible commensurate with the protection provided.
One producer of surge equipment combines VDRs (voltage

(55)
dependent resistors) with station type arresters . The 

function of the non-linear resistor is to limit switching 
surges, whilst the station type arrester deals with any major 

overvoltages from whatever source which might otherwise damage 
the non-linear resistors. The non-linear resistors, because 

of their construction, can be selected to have a break down 

relatively close to the operating voltage.
Most of the above types of voltage limiting devices were 

attached to the circuit of figure 3*20 when switching on the 
induction motor. None had any effect on the prestrike tran­

sients. The reason for this is that the average voltage 
swing in a prestrike is of the order of 1 e2 p.u. and is th -16 
well below any of the arrester protection levels. If this 
form of switching surge is a problem, other means vf protection 

oust be used.

6,1.2 SURGE CAPACITORS
These are discussed theoretically by F r e t o r i u s ^ ' a n d  

he shows that they can drastically alter the characteristics 

of the surges. With the increased load capacitance, the 

magnitude of the inrush current increases due to the lower
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6ur£C‘ impedance, whilst the frequency of both current and 

voltage transiento will decrease considerably. The number 

of prestrikec during a closure are correspondingly reduced 

and final closure of the switch may even be achieved before 

the first current zero occurs.

The role of the surge capacitor is two-fold as far as 

current chooping is concerned (with or without restriking,, 

in that it decreases the peak value of the chopping surge 

and also eliminates the severity of restrike wavefronts.

Apart from being sloped by the addition of the surge capa­

citor (due to the lower frequency), the peak value of the 

resultant surge voltage can also be limited to acceptable 

voltage levels. In addition, the number of rostrikes fol­

lowing a current chop may also be reduced considerably, due 

to the sloping effect, and multiple restriking nay even be

eliminated in some cases.

Surge capacitors differ from power factor correction 

capacitors in that they have very low inductance.

They are normally positioned across the load connections, 

' (usually a motor).

6 . 1 . 3  StmGE REACTORS

Another way of sloping the steep fronted wave which 

may occur, is to employ a reactor which is connected in
(ty, 1

scries with the switch i

The surge suppression reactor is constructed with a

saturable core and a few turns of conductor wound on the 

core. Figure 6.1 shows a schematic drawing of the reactor
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designed for use with a vacuum contactor.
Resistor

r-n—

Core

Epoxy Resin

Fir. 6.1. Schematic drawinr of interior construction 
™ —  of the reactor.

The reactor can be connected directly to the terminate; 

of the contactor owin% to the molded contruction with no bare 

parts accent the current terminals. The voltage drop for 

high load current is negligibly low because the core is 

saturated in this condition. The withstand instantaneous 

current is co-ordinated with that of the contactor.

The core of the reactor is made of ferrite so as to 

have fairly high frequency characteristics, because the 

switching surge has frequency components of the order of 

1 MHz, Because of the low loss of the ferrite core, the 

reactor is shunted by a resistor of the order of the surge

impedance of the cable (-40 ohms).

The insertion of the reactor i~ effective in reducing 

the steepness of the wave front of the surges. The theore­

tical estimation of the effect is complicated due to the
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non-linearity and frequency characteristics of the core. 

However Kurai et al' ̂  report uhe effect when examined 
experimentally. A voltage surge with a front of 0,2 fxsoc 

was applied to the cable through the reactor. ;,ince the 

surge impedance of a motor or transformer is much higher 

than that of a cable, the far end of the cable was left 
open in the test. The wave front was found to reduce to 

between 1 and 2 psec depending on cable length as shown m

figure 6 ;2 .

o
oa.

-pco
£
e>>

3

2

0
TOO Cable length (m) ^ O O0 Cable

Fir. 6.2. "uve front time as a function of cable l^nrth 
—  (with reactor;

Because of the non-linearity of the core and the loss 
in the core and parallel resistor, the reactor effectively 

damps the high frequency current which in produced by the 

striking of the switch. The high frequency current is 
damped to within one cycle even if the di/dt at the first 

current zero is very high. The restriking voltages always 
rise from zero and the rate of rise of the recovery voltage 

is suppressed to a low value in comparison with the case 

without the reactor.
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1<C ;-,u. pro£;.'••• >r 1 <' a capacitor in series with a

danninf ro tor. ney re connected between each phase and

Lther end of the load cable. 

They are the noct succe ;ful means of totally eliminating 

pro ‘r: a: r a =ad several te; bs using these devi­

ces were carried u • ly the author.

In the sj iul circuit of figure 4,2 an RC series combi­

nation of R - 100 Si t  ■ ; F , was connected across the

Ln figure 6,3•

'■ r, . ... be ecu ti e i w r of ••r-- tri os has been reduced due

.

. ure ,4 m  wr. " ? r- 1.1 of r luc: n the resistance to

y*1 ohm. err, the trike tr . nt h« . >.u .iminated

-lit- ". ... . "he i r in figure o  were caused by the

intcrrr >t f e • w-.icy currents. /hen this occurrea,

the veil * w t. c  c :.t< •- h been charged was not

>rous the contacts,

" r . . In figure 6,4, however, the

lower t ■ : si r If : r> r i.f j.nl current and the capa-

c i tor y ret a t . •go r vente 1 y further prestrikes

f rr m oc<. urring.

ow i tel -t ■. ‘ r w hi ./-••re i . n t  r< a i in the circuit of

.

0, fiF if the tr i t’f : .T te; inaif . T h  • equivalent cir­

cuit nh'wn in f: ure v. . A rect rd ef the switch -on is

shown i f nrc .,6 ' in it ii shown the current recorded.

.

Annly; mi the cir< lit of , y.»eldn an li-L-C series circuit
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w ith  18m  of cable.

—  0

1 p.u./div.

lOO^isec/div. 
C = 0,25/jF
R= 100 Ji

Fig.&3'.' Switch-on using o simulated c

—  0

1 p.u./div,

100/Jsec./div. 
C =  0,25/j F 
R* 5 0 a

Fiq.6.A.Switch or
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of L = 1,88 mil, R s 75 ohms and C = 0,3 The transient
response of this circuit, assuming a dc source, is

i = E_ e " * ^  sin Wot if (%<1 or R<Rd ) 
w 0L

where U)0 - I —

0 )n= V(LC)^
A  = actual circuit renistanc_e_R . damping factor

resistance n'd for critical damping

Rd = 2(L/C)"
Evaluating Uo for the circuit, the half period of the 

current is calculated to be 74,6 psec. which is very good 
calaboration indeed. The contactor then interrupted this 

oscillatory current at the current zero. At this point the 
capacitor will be charged up to the source voltage and the 

resultant recovery voltage across the contacts till contacts 

touch is not sufficient to cause any further prestrikesi
Figure 6,7 shows a switch-on using the circuit of figure 

3.20 and an RC suppressor of R = 150 ohm and C = 0,3 pF con­

nected at the terminals of the motor. As can be seen , the 

initial prestrike occured in the red phase which resulted in 

•the other two phases also rising in potential until they too 
experienced a prestrike when the voltage across the contacts 
exceeded the dielectric strength of the switches. The equiva­

lent circuit is similar to that of figure 6,5 and again the 
half period of the current flowing at each prestrike would be 

approx. 75 psec• This current would be interrupted by the 
switch at current zero. The blue phase experienced further, 

prestrikeo and th > results of these can be seen on the red 
and yellow phases. However, the number of preotrikes has 

been greatly reduced and the magnitude of the prestrikr limited
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very close to 1 p«,u»
Figure 6,8 shows the results of a switch-off using the

circuit of figure 3.24 with an RC suppressor of R = 75 ohm 

and C = 0,3 jiF connected at the transformer terminals. The 

record shows a complete absence of any restriking. This is 

due to the long recovery times of the circuit once the current

has been extinguished in the switches.

Switch-ons and switch-offs were also monitored with the 

RC suppressor positioned at the contactor side of the load 

cable. Again there was an absence of any multiple prestrii'Jng 

or restriking. This shows that in some circuits, the RC sup­

pressor is equally effective operating from either position. 

This is confirmed by Asayama and Sugioka^ . They used an 

RC suppressor of C = 0,3 p? and R = 300 ohms at either end 

when switching a motor. They determined that the suppression

rate with the suppressor at the contactor was 83f' and that

when at the load it was 8% .
In certain special circuit conditions it is recommended 

to also fit a small capacitor in parallel with the RC combi­

nation to remedy possible refracted wavefronts^ .
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6*2 - RBCOi-uiSHnsD Apri icATit ii of
6,2.1 VACUUM CC%TACTrRl SWITCHING MOTORS

A recommendation of the application of cuppressors 

when using vacuum contactors to switch motors has already 

been published by Speedy and the author( 5). Some of the

salient points are reproduced below.
"In the past many statements as to the suppression 

required when.switching motors by means of vacuum contactors 
have been made. However, few have been sufficiently specific 

so as to enable the user to make a valid decision in this 
respect. The main reason for this is that the suppression 
requirement is linked not only to the characteristics of the 

particular contactor but equally to the insulation system 

derign of the motor to be switched. Since motor specifica­
tions have not laid down the high frequency withstand charac­
teristics of the insulation system, motors having varied capa­

bilities in this direction have been produced around the world. 

Because of this, satisfactory experience with one make of con­
tactor with motors manufactured to the normal standards adopted 

in one country, gives no assurance of similar performance with 

other machines. Line end coils of machines in particular are 
stressed by the train of sharp fronted transients produced by 

prestriking on closure and in some vases also by rcstnking 
on switch-off. Certain insulation materials that have been 

used by motor manufacturers and that may still be used by re­
wind companies because of availability, are not suitable in 

this respect and have caused problems in the past.
It is important to note that all the transients produced 

during nornal opcr-tion i.e. starting and full apaod .witch-off,
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are of very modest magnitude. The potentially harmful ef­

fects arise from tneir high rate of rise under certain cir­

cuit conditions.
Voltage limiting devices were found to have no modi­

fying effects on such transients because even the closest 

protection level available with any known form of such sup­

pressor , is above the peak level ot these transients. RC 

suppressors of suitably selected component values, were 
found to eliminate all restriking on closure and on open­

ing and are considered to be the most suitable suppression 

equipment to be used where unsuitable systems must be pro­

tected."
Should a machine have a known impulse withstand capabi­

lity, e.g. 35 kV or higher for a 6 ,6  kV motor, no suppres­
sion is required. This approach in machine insulation de­

sign has been the normal practice in a number of countries
and is certainly the approach now adopted by at least two

(45)large local machine manufactures. Ohkawa and Koike 
recommend an impulse level of 32,7 kV for a 6 ,6  kV motor.

They arrive at this value by multiplying the AILE'a recom- 

•nended value(r'6) by 1,3. The AIEE arrived at their value 

by multiplying the AC dielectric voltage by 1,25.
From 5.3 it is seen that the largest transient recorded 

was 4,5 p.u. which equals 24,3 kV. The largest recorded 

rate of rise, see 4.5.2, was 25 kV/psec. A 35 kV 1,2/50 psec. 
impulse withstand capability will thus be above both whose 

maximumc and should ensure adequate insulation for  ̂i -- 

switching and circuit conditions.
Where the insulation system employed in the machine



has an unknown or doubtful hi(_;h frequency withstand level, 

surge suppression in the form of suitable RC suppresstro 

should be seriously considered.

In the final analysis however, the decision as to wheth­
er suppression should be fitted rests with the user, who for 

critical drives, may wish to use all available eans to safe­

guard such devices, or to protect bis drives agai. at any 

other transient voltages that may be produced on his elec­

trical system.

6.2.2 vacuum cc:;t̂ tc: g;.ttc!;ii:g tr\::oFqr;:ers

Surge suppression is not normally provided for switching 

transients when switching a transformer, with a known, proven 

lightning impulse withstand capability. For 6 ,6  kV transfor­

mers, this is normally 75 kV. This represents 14 p.u. with a 

rise time of 1 ,2 usee., and is far greater in magnitude and 

rate of rise than any transients known to be produced by 

a vacuum contactor.

However, for transformers with doubtful high frequency 

withstand capabilities, such as dry type transformers, vol- 

•tage limiting devices should be seriously considered. Station 
type arrester are however usually fitted to these trans­

formers to protect them against lightning surges. If they 

are fitted, they should ensure adequate protection for swit­

ching surges as well.
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C£:.ci!:.'T. :

The ■ rccod’i n chn torr h vo n that current chopping i<>

„ v

consider,! v. he. If an;, thing, the GKG contactor has a much lower 

current e - ability than tl.it which the user has been accus-

t ' i - '

perhnr r;. I he J?o o Den hi contactor h s i relatively higher cur­
rent c: ability and re.nil to show that this is not generally
un cc * - :n mm- r rwitr' .n circuit . ho frequency of the

curre* h been . .< '.:n to be de] undent on the leng-h

of cable mi if n rmnlly et ;een 1 and 10 a!.%. no resulting

overvolt e is therefc-o fairly evenly distributed throughout

the lo- I.
Prentrikino, from a transient point of view, is the moot 

onorou: c- i.e • -na associated with the vacuum contactor.

It occur or; ever"' cl< .urc, but unlike other switches, in:, vead 

of

can htrvo hi r- • •>.- < f rise and cause uneven volta o distribution 

in load; , rticularly in line enu coils. Load insulation of low 

inpul o withei nd c , - ibil ty will be highly stressed on closure 
of the contact v ind t ,ie in ulat on can fail. There are perhaps 
three re: 'dies L< thin problem. <ne a load insulation with pro­

ven irr-ulr ’> with.-d md car ,bility. "ho second is HC suppression

■

el-* -iii-'tion of • -e.str i h ; n cl urc. Vho third is taster
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closing speeds together with increased bottle dielectric, to 

reduce the number of prestrikes to one or two. All three have 

problems associated with them. To date there is still no 

impulse specifications laid down for motors. The chief reason 

for this is the difficulty of detecting impulse failure on a 

machine when impulsing. Secondly, although PC suppressors are 

commercial!;/ available, the selection procedures of the indivi­

dual components has been vague and complicated or not known.

There is also not a wide range c ' su;Tessors available.

However, RC suppressors are now < uite widely used and with some 

success.

Thirdly, contactors a generally electrically held, and 

driven by a magnetically attracted armature. High speeds would 

require large solenoids and power consumption, which is undesi­

rable in a switch which should have a very long mechanical life. 

Dielectric strength is to some extent dependent on contact 

material and can bv increased at the expense of current chopping 

level, as is done in the Toyo Dcnki switch. This alone does not 

solve the problem completely, but does go someway towards Blovia­

ting it.

Restrikes are potentially the surge with tue largest magni­

tudes, and increased dielectric strength can result in larger 

restrike magnitudes. Opposing this, the larger dielectric strength 

results in fewer rcstrikcs occuring due to earlier successful in­

terruption. Where sta]led motor switching is normal, it is recom­

mended to fit surge arresters to lir.lt the overvoltages. If PC 

suppressors have been fitted, these will also dea] successfully 

with restrikes.

In summary, switchin transients rsociatod with the vacuum



contactor arc now quite well understood and no longer need 

perturb the user fron enjoying the many excellent advantages 

he obtains from using them.
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