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Summary

Conventional ac vacuum interrupters are being used’
to interrupt currents in pulsed energy storage systems.
They have been tested with dc currents of up to 37 kA.

The limit to the current which can be successfully
interrupted has been ❑easured as a function of various
parameters. Among these are 1) the size of the
interrupter, 2) the magnitude of the count erpulse

current, 3) the nature ?nd flux rating of the sat,~rab.e
reactor used, and 4) the kind of “snub berii circuit used.
Fra~entary dala have also been collected on electrode
erosion rates and on ❑echanical failure of the bellows .

A description is given of the circuits used in these

tests and of the results found for a representative

3electlon of t.h e commercially a.fatlable domesti

interrupters.
More recently efforts have been made to increase

the values found for the ❑aximum interruptible current.
The techniques used have included connecting

interrupters in parallel and operating them in an
impressed axial magnetic field. The results of’ this

work are discussed.

Jnt roduc tion

Many of ttle approaches to rusion require the

storage and transfer of large amount9 of energy on .I
rapid t iae scale, posing problems not only for the

stcrage systems but for the transfer circuitry. Since

the ener~ies involved in reactor size devices are

typi~ally 10 MJ and tran~.’er times range from 1 AS to 1
s, the power levels can be extremely high. A ❑ajor area

or concern is the switching required in these syste~s,

particularly interrupting switches. The use of solid

state thyrlstor swiches or “plasma valves” of various

kinds is attractive because of their anticipated long
lire. They are, however, prohibit il~ely expensive wt,en

compared to the mechanical switches which are presently

employed by the utility industry. These , in contrast,

have small prospect or meeting the gaal of’ thousands to
❑illion3 Or operations required for reactcr

applications. Because of tnls cost-performance split,
unusual switching concepts or extensively modiried

components which have the potential to be inexpensive
and at the same time provide a lung operaling life

s~,ould be examint?d with rusion application in mind.
This paper is a report of such an examination or vacuum,.

. interrupters.
During the last several years the Los Alamos

Sclentlric LaooraLory has been pursuing re3carch on
current interruption with commercial vacuum
interrupter

7’
This work arose in connc>ction with the

development or an inductive energy storage and transfer
system for Lhe Scyllac Fusion Test Reactor (SF’I’H) and
more rc’@ntly has b?en dlrccted towmrd applications in
tnkam+k ohmic-t]e~t.inK (TOH) circuitry.

To meet the requlrcment3 Or SiTH, i.r!. , 500-NJ
energy storage to be dcllve; ed to a lo~d coil in 1 rns, a

sY~tpm Or modules wag rlevr’leped. ‘he maximum current
and voltage ror these mudules was sot rather arbitrarily
al 25 kA and 60 kV. Thr?:]e were felt to bc the hlghe~t.
current and Voltflgl! that tne various compon.=nt~ FOUIU

I!(I
L~

HP S,

I 2
Fig. 1. Simplified circuit of an erergy storage

and transfer zcdule.

Fig. 2. Simplified circuit of a tokamak
ohmic-heating system.

of the circuit of one ❑odule is shown in Fig, 1 where L
is the load coil, Ls is a superconducting energy storage
coil , and HP is a generator which raises the current in
Ls and switch S1 to 25 kA in several ❑inutes. At this
Lime switch S1 is opened, tr?.nsferring the current to
the circuit containing L and C2. If L and C2 have the
correct values, all or the ene-~ originally stored in
Ls is transferred to C2 and then to L in 1 ms. If
switch S1 is closed when this transfer hag been
accomplished, the energy can be held in L as long as
desired.

A slmpliried circuit of a typical tokanak
ohmic-heating system is shown in Fig. 2. L is the
ohmic-heating coil, PS is a bipolar power supply capable
Or generating 25 KA or ❑ore in L, HP is an energy
st.~rage device such as a hoacpolar generator, R is the;
llblipl~resi~tor,and S1 and S2 are switches. A complete
cycle of operation proceeds as follows. S1 and S2 are
initially closed. In 2 rew seconds the power supply
ramps the current through L up to 25 kA. S1 is now
opened, forcing the coil current to flow through R,
generating a high voltage “bllpn across R and L. This
voltage iS coupled to the plasma in the tokamak and
serves to initiate t!le plasma hei!’. ing. If S1 is now
closed and S2 opened, the resonant combination of L and
HP will oscillate throu~h a half cycle until the cur~nt
throu@] L has reversed itselr and the plasma current has
built to a large value. At this point, S2 is closed and
PS is reccnn(?cted with the opposite polarity to maintain

the current through L and the plasma.
Now one or the most demanding requirements or both

Or these circuits is that switch S1 ❑ust successfully
interrupt a current or 25 kA azd Mlthstand a recovery
Voltn.qe of 20 to 60 kV. Vacuum interrupters were
selected as tl]e most likely candlriate for SI, but since
vacuum inter upt.ers were develope,j for ac uses, little

was known about the p..rrormance that mieht be expected
of them in these essentially d- applications.
Accord ln~ly a spcclal facility was built to test the
inter rupter, ~ a!jd the auxiliary components which might be
ugr?d with Lhem in a circuit like that shown 111 Figs. I
or 2. Complc Le details or the construct iorl and use of
thio facility w’. L1 be di~cusscd by E. M. Ilonig In a
commni~n papcr2m The purpose of this pa~er 1s to

ea:lily suut~ln, Thrnc llmlts and the t.r;ir]nfcr time OF
I ms Lhcn dr.terminvd the moduie size, UOU kJ. ;. din~ram

lII;;I;;~ the prngreos which has been rnad~ on l.he
ptcr test program.
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Fig. 3. Simplified test circuit and waveforms of
current and voltage.

tal Procedur~
I

Figure 3 shows a simplified diagram of the test
circuit as well as waveforms as a functions of time of
I, the current through the vacuum interrupter; V, the’
voltage across it; VC2, the voltage across the capacitor
bank, C2; and S, the size of the electrode gap. The
circuit has been arranged to deliver the current I to
the switch under test; to supply a counterpu19e, Icp, to
the switch to make interruption feasible; a,.d to create
a recovery voltage, V, across the switch after
interruption. 1 is generated by discharging Cl through
switch S1 into inductors L and Lsr and the interrupter,
VI, under test. Switch S2 closes automatically when Cl
is fully discharged to maintain I near its ❑aximum
value. ICP is generated by discharging C2 thrcugh
switch S3 into VI. If Icp is greater than I and of
opposite sign, the current conducted by VI passes
throuEh zero and may interrupt if conditions are
favorable. If in~erruption occurs, the recovery voltage
appears across C2 and VI. The ener~y flowinu in the
circuit can finally be dissipated in R by closlnp S5 at
the correct time. At the bottom of the waverorms we,
have label led the times when the dir ferent switches are’
closed .

(

(

I

I

Interrupter performance is jud~ed largely rr~~
>scilliscope traces. The kinds or signals coumonly
]baerved are shown below. Fi&ure 4 shows the current
through the interrupter on a long’ tine scale, i.e. ,
?0 ❑s or so. The quantities referred to in the inset on

Lhe photo, i.e. , 1P, Io, and dT are respectively the
peak current, the current at interruption, and the

overall time inter’~al atsplayed in Fig. U. Fi@ure b

shows at to the sinusoidal current rise after S1 closes;
at tl, the exponential decay after S2 closes; at t3, the
initiation of the counterpulse when S3 closes; and arter
this, sometimes, the occurence of restrikes.

Figure 5 shotis the voltage across the interrupter
on a similar time scale. V in the inset is the overall
voltage interval displayed, i.e., 250 volts full ~cale.

Figure 5 shows, at to, the cosinusoidal voltage
variation corresponding to the sinusoidal current ri9e;
at tl, a transient when S2 automatically closes; at t2,
a step in voltage When the interrupter VI opens,
followed by an increasing voltage, run of noise, which
is tile arc voltage; and at tq, the ofr-scale

energy-transf’er voltage transient. Not shown are much

faster traces which are normally taken to show the
details of the C0UEterpU19e current and voltage to
reveal detailg of the interruption phenomenon.

The primary purpose of these experiment is to
investigate the performance Or stan(.ard vacuum.-—
interru~ters, i.e., their reliability of interruption vs
cuurent, their operating life, and the depe~dence or

these pro>ertics on the variables under our control.

These variables include the rolloulng important ones:

1.
2.

3.

4.

5.
6.

7.

The ❑agnitude of the counterpulse current,
The type or interrupter, i.e., ❑anufacturer and
size,
How it is operated, i.e., speed of opening and
electrode spacing,
Its temperature,
The presence of ❑agnetic fields,
The properties of the satura~le reactor
comporent, and
The properties or the snubber component.

Interwpters made by GE, Westinghouse, and

lTT-Jennings have been tested. They are nornally
❑ounted on an actuatcr ❑echa ism which is powered by an
electronic drjver circuit, $ which, in turn, can be
triggered by one electric pulse to open and a different
electrical pulse to close. All or the interru~.ers are

tested for a wide range or values of Io and Icp. Their
Jpeed of opening can be varied up to a ❑aximum of abo,~c
2.5 m/s by ❑aking changes in the driver circuit. The

Fig. 4. Interrupter current. Fig. 5. VoltaFc ncros? the interrupter.



electrode gtp opens to a maximum of shout 1.5 cm. he
have varied the speed and gap widely, but have chosen

2.5 m/9 and 0.7 c?! as our standard opecinq zpeed and
the gap at the time uf the counterpulse.

Several auxiliary circuits have been tested which

are commonly used to assist in i~terruption. Examples

of these shown in Fig. 3 are the ‘~nubber” circuit

conposed of Cv and Rv and the saturable reactor, Lsr.

~

tion Limiw

A major experimental result of these investigations
can be presented in the form of graphs of the

reliability of interruption versus Io and Icp. Figure 6

shows cuch results for a typical ‘1-in. interrupter

without auxiliary circuits of any kind. Figure 7 shows

the results for the same interrupter used with a

saturable reactor. In these graphs, I and 11 desi~nate
regions of successful interruption and III failures.
Lines are dra~n uhich enclose the successful region for
a reliability of both 501 and 90g. Figures 6 and 7 both

display an upper limit to Io of 22 to <u kfl, but the
range of Icp for which the reliability is high is
greatly increased when saturable reactors are used.

This is found to be the major contribution or saturable
reactors. In contrast, no advantage is found from the

usc of snubber circuits of various configurations.
when th,e electrode opening speed and the gap at

which interruption was attempted were varied, the

reliability was found to depend upon gap buL not upon
gpeed. A 5 to B-mm gap is optimum for all of the
interrupters tested.

Data were accumulated in this way for most of the
domeztic, commercially available interrupters and ror a
few 9pecial interrupters. In Fig. 8 all of the data is
presented, where for each interrupter Im(50%) and

Im(90Z), the ❑aximum currents which can be interrupted
with a reliability respectively nf 50% and 901, are
plotted versus the d!ameter cl” the electrode. The data

areplotted in this WJY because of the approximately
linear dependence ound. As can be seen, there is
little variation auong the interrupters supplied by
different ❑anufact~rer~.

An inttre9ting reature or the values of Im reported
here is that they are a f?.ctor of 2 LO 3 less than the
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limits of the same interrupters when ~hey are used to
interrupt ac. The measurements of arc volLage and other

considerations indicate that the Im value ror a given

interrupter is that arc current at which anc’de spots
begin to form. It seems likelyq that the hnt areas
whit!] are developed on the anode by the constrict,~d arc

cause reignition and failure to inkerrupt under thk test
ccmditions of very high dI/dt. In ac u>e, on the

other hand, dI/dc is so low that the anode hot SpOtS :afl

cool sipmificantly before interruption occurs at the

netural current zero. Th,, s, succ~ssrulinterruptiar s

can occur with ac peak Curre[lts far akve Im.

I I

I
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Since the duty demanded UF vacuum interrupters

Include
can

thougands or, for some u9es, millions of
interruption cycles , ❑echanical and electrical lifetimes
are being measured. Three i’-in. interrupters have been
opened and closed repeatedly on a standard actuator in a
lo-s cycle while carrying no current. The fir:+.
interrupter uas cycled for 74 00n operations, the second’
10 4’)0 cycles, and the third 10 900. No mechanical
problems of any kind uere encountered with the
interrupter, but various ❑inur problems occurt,ed with
the actuators starting at atmut 10 000 cycles.

Erosion of the electrodes by the electric arc is

expected to be the mst serious llfe-llmlting process.
Estitmtes made from experience with ac applicatio,ls
indicate that 10 000 operations might be achieved.
Normal testing procedures for reliability give somel
information about erosion limits, but the mixture of’
successful interruptions Wd failures that occurs in
these tests gives an overestimate of the erosion that
would occur in normal use. Because of this, some
special ❑easurements have been ❑ade to differentiate
between the erosion caused by successful interruptions
and by failures. Both erosion rates are fOLlnd to be
qUite different in interrupters made by different
manufacturers. It seems likely that this is related to
the composition of the electrodes. ‘Badw
have

electrodes
an erosion rate during successful interruptions of

about 0.01 mm per interruption, while ‘*goodn electrodes
have an order of magnitude less. Thus, the life of bad
electrodes is expected to be about 1 000 interruptions
and good electrodes 10 000. These results are based
upon a relatively small number of interruptions. More
extensive measurements are currently being planned.

-ImDrvvlnK Standard Pe rformance.
I

A standard interrupter is limited in three ❑ajor
ways.

1. Its maximum Interruptible current is less than
25 kA due to anode spots.

2. Its life Is terminated by erosion after about
10 000 operat:onsm

3. Its continuou: current capability is only about

10$ of its Interruption limit, i.e., abcut
2 kA, du~ to hea Ling.

For fusion applications there are potential uses which
exceed all three of these limits, Lately, these
limitations are being attacked by us by operating
standard interrupters in new way~ and by testlnp new
kinds of inttirrupters. He shall discuss several of
these approaches belok.

~~

tnere have been severai reports 5 of i~provcment9 in
the interruption of ac currents through t-h? use of axial
magnetic fields. Six interrupters have bt, en tested in
our 9y9tem with an axial field; rive wlLh an
externally-applied field, and one Inter-uptcr with an
internal ly-Eenerated field. This latter interrupter and
one of the other five wl$h electrodes of a novel
conllpuration wet-c specially built for w! by
kestin~,house. The kind of performance found rO r these
interrupters 1s shcwn in FIR. 9, where the arc voltafie
ia plotted versus magnetic field with Io as a parameter.
The open points are expcr~mcnta], tests which were
successful lntcrruptlons; the solld poin*9 failurea. ‘
The clotted line rou~l)ly indicates t,he boundary between

Successes and failures. The mnxlmum value of 10 for
this interrupter with no ma~netic field is 13 to 18 :<A;
with a 0.4-kG flcld, it 1s above 30 kfl. At hirh,.r
flclds, it appearsthat the ratinK will continue to
improve.

27 hA
19 kA

llkA
3 kA

o~
o QI 03 04

H (kG)

Fig. 9. Effect of axial ❑agnetic fields,

The performance is plotted in this way, i.e., arc
voltage versu3 field, to emphasize the ❑arked changes
that occur in the arc voltage because of the field. The
field nnt only reduces the arc voltage but also
eliminates the large noi3e component normally
observed, e.g., in Fig. 5. This noise is commonly
associated with anode spots. The ❑ajor effect of the
axial field appears to be the suppression of anode hot
9pots. ~This phenomenon has been directly observed by
others. The reduction in voltage and the absence of
anode spots not only lncreas~! Im but also are expected
to reduce electrode erosion: The ❑agnetic field can be
generated by a separate eite,nal circuit, by internal
coils, or by external coils fed by Io. The versatility

and relative ease with which all of these can be done as
Hell as the large improvemcl ts seen in Im and assumed to
occur in erosion make the use of axial fields very
attractive. It presents 3.1 obvious ❑eans of extending
the per~ormance of interrupters in a;nost any
conceivable explication, so far, successful
intcrruptiona have teen achieved with this techntque to

3’7 kA in a sinEle interrupter, which is the limlt of the
test facility. The test facility limits are being
increased to extend the interrupter test levels. The
effects of increased axial fields will be explored.

~~

Connecting several interrupters in parallel 19
another way to exceed the limits ❑entioned above.

Figure 10 shows a parallel arra9~ement of two
interrupters with which ~!xtensive experiments have been
performed. A saturable reactor and resistor are
conne~ted to each stiit(:h and an autotransformer is
connected between them. The resistors, R, are sized to
maintain approximately etlual current dlvlsion while the
interrupters are both closed. The trangforrer, T,
generaLes vcltaKes to m:intaln this equal split durinr
the opening 01’ the sw.tcht’s and their subsequent arclnfl.
The saturable rcactcrj, Lsr, help to exting,ui9h Lhe arcs
when the count, crpul!e is applied. The deslcn and
testing of this cilcuit has procreded uneventfully.

Currents up to the lir’it or the test system at 30 kA
have been reliably interrupted. Extensions of’ this
technique to three or more parallel interrupters appear
to be straightforward and will be pursued,

Hybrid Switches

The hybri[i operation of two different kinds of
switches connocted i,, parallel has been investigated as
a meano to increase the continuous current ratin~ of a
vac,~um interrupter to match its interruption limkt. A
very simple commercially-available , high-current manual I
switch has been modified to operate in oil with’
pneumatic actuation. It can open in 10 ms, carry 25 kA
cent inuouoly, and withotand ~0 kV across open contacts.
It han been interconnected with a T-in, vacuum
interrupter ns shown in F!g. 11, where S1 is Lhe vacuum

interrupter, S2 is the 011 switch, R is an auxiliary



R R

sr T L sr

~

s, s,

L sr 1’

A

R

4’

s, S2

Fig. 10. “Parallel connection of interrupters.

Fig. 11.
“1

Hybrid con~ection of interrupters.

resistor of about 1 mfl, and Lsr is the usual saturable

reactor. The purpose of this arrangement is to let S2
carry the current for most of the time, but LO open .S.2,
transferring the the current to S1, sO that S1 will
carry the current while S2 is opening and perfOrminK the
ac~ual interruption. Two different modes or operation
have been investigated where S1 is closed all of the
time that S2 is closed but carries only a small fraction
of the total current and where S1 is closed only
immediately before the interruption.

In Lhe first mode, R was adjusteti so that S1
operated within its c~ntinuous ratings and carried about
10S of the total current or about 2 kA. hhen S2 opened,

an arc developed in S2 which forced all of the current
to transfer to S1 in about 1 ❑ >. This arc caused minor

erosion in S2. The final interruption cccurred
uneventfully in S1 in the usual way.

In Lhe 9econd mode , R was removed and S1 was
initially open. It closed On?.y Several milliseconds
before S2 was opened. The transfer of current ‘;o S1
occurred mu?h faster than before because R had been
elimina~ed; but because the electrodes of S1 bounced
several times upon closing, some additional arcing and
erosion oczurred in it.

Either mode of operation of the hybrid switch

appears to be entirely feasible. A choice betwe(!n them

will be based upon L;,? relative erosion of S1 and S2 to
be determined from further testing.

}:ari’~Count erpulsing
I

Erosion occurs from the time a switct] is opened!
until the time the counter pulse is applied. At~
counterpulse time the electrode zap mus L be capable of
withstanding the recovery voltage. Erosion could be
greatly reduced if the sequence of openirlg and

counlerpulsmg were reversed , that 1s, If th r?

count erpu19e were used to fcrce the switch current, to
zero and thcrr the switch wag op~ned.—- Thls mode of
operation has been used be fore. ( It rcquire3 accura Le
timing, a large coun Lerpu19e energy sujIply, a large
saturable reactor, and very ~ast actuator moticn.
Because of its promise of significant reduction in
er09iun , work has been started with industry to de VCIOp

fast actuators for uoe In testing this mode of operation
wiLh vacuum intcrruptel-s,

New Switches.

Conclxsi~

The properties of .anventional interrupters ~sed
for the inLerruptjon of dc currents have been
determined. The important limitations which have been

found are being circumvented by paralle~ connections, bY
hybrid operation , and b?, unconventional techniques nade
possible by very fast ac:uators. New interrupters are
being, designed and buil’: by industry which will help to
exceed the limits set by present models. It is errpected
that in the near future the switching l.equireaen~s of
fusinn applications Uiii be ❑ e t inexpensively and
reliably by these strategies.

M.
in
its

1.

.

3.

4.

5.

6.

7.
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A second way to exceed the present limitations of
vacuum Interrupters i3 to (ievcLop entirr?ly new
interrupter e3pccLally designed Lo raise or vliminate
tll?so limits, They might, rclr’ ex3mple , have larger
elect rodcg , have compl,x electrodes with ~eparate parts
intt?ndcd fur the conLlr[~,)us and i]rcin~ currents, or hmve
w;atrr-cooled clcctrodcs. A cooperative pro~ram 19
Und,?rway WOrking with indu3try to develop improvrmcn’.3
such a3 the~e.


