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Summar

Electromagne.ic (EM) launchers have gevere
switching roquirements. Switching demands for railgun
systems, for instance, include current conduction from
hundreds of kA to a few MA, conduction times of a ms
to a few s, standoff voltages as high as a fewv tens of
kV, recovery voltages of 1-10 kV after conduction,
opening and closing duty, and repetitive operation up
to about S50 He. These demands, psrticularly for re-
petitive opening duty, are far beyond the capability
of most current switches and switching concepts.

This paper will review the performance of rod
array triggered vacuum gap (RATVG) switches and dis-
cusg their potential for solving switching problems
in EM launcher systems- A new mode of operation for
the RATVG switch is proposed, Fundamental consider-
ations for the operation of opening switches and their
associated transfer circuits are presented. Methods
of recovering the railgun's inductive energy to enable
efficient repetitive operation are discuused and new
circuite with such capsrbility ire proposed.

Int roduction

Vacuum switches can conduct large currents in a
low voltage, diffuse-arc mode. Furthernore, they are
able to open during a short perfod of zero current and
recover with a rate of rise of recovery Voltlil (rrrev)
factar than any other high powar switches. Thes e
capabiiities provided some of the basic motivation be-
hind research st the General Electric Company (GE)
aimed at extending the use of vacuum switches from the
distribution class (5-15 kV ac) to the transmission
clags (at leact 72 kV ac). This work, sponsnred by
tha Electric Power Research Irstitute (EPRI), was pre-
vented from achieving its primary goal by the rapid
and successful devalcpment of SF; puffer-type inter-
rupters. Neverthaeless, the significant advances made
in vacuum awitch technology have important {mpli-
cations for the pulyed power field,

The research at GE was particularly successfu.
fn proving the merits of a new type of vacuum switch
structure, the rod array type. In this rtructure,

metal rods attached to the anode and cuthode end
Plates are interleaved ~nd overlapped, as shown by the
tube, Fig, 1.
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Fig. 1. Schematic (diagram of type L1 rod array

triggered vacuum gap (PATVG) wwitch,
*Work aponloroJ by the Lece Alamos National Laboratory
under auapicean of the US Department of Fnerg).

tube, the rods are equally gpaced around a circle and
the arcs burn in an circumferential direction between
them. This vype of struct-ire rapidly proved its capa-
bility to handle large currents while maintaining a
diffuse vacuum arc. One early experimental device, it
a demountable vacuum chamber, carried a current pulse
of 240 kA peak and a total charge transfer of 1275 C
“"without any traces of melting on the rods for one
half-cycle of arcing at 60 Hz."” Furthermore, the arc
drop did not exceed 70 V.2 During full power i{nter-
ruption teatuy with the best of the RATVG switches, the
Gl tube, the highest power level attained at GE was
20 GW. The Gl tube carr’ed gn ac current pulse of
150 kA peak, interrupted the current flow during a
natural ac current gzero, and withstood recovery
voltage reaching a peak of 135 kV within 159 »--3
While there are a nuaber of requirements for
opening and closing switches in EX launcher systems,
one of the most severe apprlications {s for a repeti-
tive opening switch in inductively-driven railgun
systems. Since the accelerating force on the pro-
Jectile 18 proportional to the square of the current,
railguns are hest driven by generators capable of pro-
viding nearly-constant current. Furthermore, the high
peak power and large total energy required during each
shot quickly lead to the requirement for an intermedi-~
ate energy storage asystea between the railgun and the
prime power sourca. Wi:h "current source” character-
istice and a high eneryy storage density, inductive
anergy atorage iu a logical candidate to mevt these
requirements. However, its effective utilization for
this application depends on advances in opening switch
technology and the development of efficient transfer
zircuits. This paper will address both requirements.

Opening Switch and Transfer Circuit Fundamentals

There are two fundamental gwitch opening meihods
(direct {ntarruption and counterpulse) and asssociated
tranefer circuits. With the direct {nterruption
method, the impedance of the opening switch R(t) in
the resistive tranefer circuit, Fig. 2, {is rapidly
raised to a value much greater than the load impedance
to “choke off" the current flow and force the switch
current (loop 1) to transfer to the load (loop 2).
The load voltage risetimea depends directly on the
switch {mpediace risetime. The gwitch must conduct
the fvll atorage current, undergo a large {mpedance
change, and then withstand the h.gh recovery voltage
{omediately afte ward. In addition. due to conmer-
vation of flux during the switching operation, resis-
tive transfer circuits require that the opening switch
dissipate the energy agseociated with the load in-
ductance 1.2 and fte own {nductance Lgyitche The aini-
mua amount of energy, Epis, that must be dissipated in
the opaning ewvitch (for {nstantaneous aswitching) is
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rolated to the energy Epguiecn stored in the switch
inductance and to the energy Ep» transferred to the
load inductance by tht equation

Epie = Epgwiten + (1 + X)EL2 , (1

where X = Ly/L1.4 If L or Lgwitch are appreciable,
the transfer efficiency 1is correspondingly reduced.
The switch dissipaticn increases as the switching time
increases (ie., real switching conditions).

With the counterpulse method, the current in the
opening switch S; (loop 1) of the capacitive transfer
circuit, Fig. 3, is momentarily reduced to zero by
discharging the counterpulse capacitor Cy through the
switch (loop 2) in the direction opposing the main
current. If the current zero timec is long enough, the
switch recovers and opens. The coil current then
flows through Cy, rapidly raising its voltage to a
value aufficient to force the current to transfer to
the load (loop 3) when switch S3 is closed. The muin
switch S; 18 allowed to open naturally during a time
of zero current while the severity of the recovery
voltage stress ia reduced by the parallel counterpulse
capacitor. Unlike the resistive transfer circuit, the
capacitive transfer circuit has no fundamental energy
losses associated with the circuit stray inductances.
The energy Ejguitch 8tored in the opening switch in-
ductance Lgyiech 18 actually transferred back to the
storage coil Ly by the action of the counterpulse ca-
pacitor. The increase in stored energy A4F1)} in L)
is given by the equation

&y = (2 4+ DErguirch (2)

where Y = Iguqrcn/l .4  Therefore, the energy Ec that
the capacitor mugt have to insure sufficient counter-
pulse curreat in the opening switch S; {s given by

Ec = (1 + V)Epguttch - (3)

Further analysis of the resistive and capacitive
transfer circuits for ths special case of purely in-
ductive loads and {deal opening switches shows that
the same amount of energy must be handled by the
resistive ana capacitive transfer elements during the
transfer operation. The key difference is that the
resistor diesipates ite energy while the energy in the
capacitor i{s recovered. For purecly inductive loads,
the operational efficfency of the capacitive transfer
circuit apprcaches 100 X,

The implications for raflgun switches and syotemas
are cleur. At the current levels involved, the energy
ussociated with any stray {onductances must be fally
considered. If a direct-interruption opening switch
fs used, then the energy dissipation required by Eq. 1
muant te dealt with., The effect of the self {nductunce
of the opening switch and the init{al inductance of
the ratlgun and {ts connections may have enough lmpact
upon the circuit transfer efficiency and the operation
ot the opining switch to wake some direct-interruption
opening switch scheres {mpractical. However, current -
tero swi’ches can "e coupled with the high tranefer
efficiency produced by the counterpulse capacitor to
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Fig., 3. Schematic diagram of capacitive transfer
circuit with stray inductances.
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provide an approach that may be more practical. A
complete gystem study will probably be needed to
determine the best approach for any particular load.

Operational Potential of the RATVG Switch

To use current-zero type switchea to Iinterrapt a
dc current, an artificial current gero must be created
in the switch. This is ugually accomplished by dis-
charging a capacit r through the openirg switch in the
direction opposing the main current. To keep the ca-
pacitor size reasonable, the gwitch current gust be
counterpulsed to zero rapidly and held near zevo for a
short timr. PFor the diffuse-mode vacuum arc, the
total nounterpulse time need bhe only a few tens of us.
However, this conditlcon is quite difterent from 60 Hz
ac operation, where the rime from peak to zero current
is about 4 ms. Standard vacuum interrupters, for
instance, use special electrode geometries” to allow
operation cbove the diffuse-ar. mode region and depand
on the long current falltime to return to the diffuse~
arc mude before reaching current gero. Consequently,
the dc performance of standard vacuum interrupters is
usually only about 40-60 X of their ac capability.

By comparisor, RATVG switchesm ghould perform con-
siderably better than this. According to both visual
observations and arc voltage records, the vacuum arc
in the rod array structure remained diffuse in all the
tests at GE (ipcluding the 240-¥A puls.),’ probably
due to the large amount of gurface area on the rods
and the fact chat the arcs burn parallel to the di-
rection of the self magnetic field of the total switch
current. As long as the arc remains diffuse, current-~
zero interruptions ;hould ocsur about as easily with
the fast counterpulea technique (dc duty) av for a
natural current gero (ec duty). Therefore, the dc
interruption capability of the Gl tube is expected to
approach {ts demonstrated ac performance of 150 kA.

The use of ¢ RATVG switch as a curreni-zero type
opening ewitch in railgun epplications dJdepends upon
being able to upgrady {ts current conduction capa-
“lity while maintaining the arc {u g diffuse mode.
An {ncrease of 3-10 timee over {ts demonstrated capa-
billity of 240—~kA must be achieved, but can reasonably
he expected for several reasons. First, the previous
tests were limiied oy the test facilitiee, noc the
svitches. The actual current conduction and inter-
ruption limites of the Gl gwitch are still unknown.
Serondly, the originators and developers of the rod
array concept fevl that increaced current cnpnblllt;
can be achievel by adding more rods to the structure,
such as in tha periodic array switch. Finally, the
amount of charge t.andferred by the rod array switch
aquring the 240-kA teet is equivalent to pusesing 1.3 MA
for about | ms, conditions well within the operating
range of railguns. Since (t opens on a current gzero
and uesos a trigger system io turn on, the RATVG gwitch
operution is not limited to mechanicel time ascales.
Very high repetition rates should be possible.

Tha RATVG gwitch may aleo be able to operate as
a divect-interruption opening switch. By applying a
negnetic field transverse to the arc, the arc voltage
and gwitch impedance can be {ncruased, forcirg the
current to tranafer to a parallel lowsr-impedance
load. Transverse magnetic fieldu have produced arc
voltages of 1-b AV {n vacuum interrupters. An avial
magnetic field applied transverse to thea circumfer-
entiel uree in a RATVG gwitch ghould be able to do
l1ihkevise. Buch a wmagnetic field could be produced
rather eanily and effectively vith a simple solenoid.
For lew fupedance loads, such as the inftial {mpedance
of a ratlgun, this method merite further consider-
ation, particulavly {f a complete intercuption can be
achieved goon after the transfer. For {instance, a
switch voltage of & kV could force tiw transfer of 1
MA fato & ,3~pH load in about 73 e, with the switch
absorting ahout 150 kJ.



Applications

There a number of EM launcher applications where
switching problems need to be addressed. Current-zero
switches will be needed as start-disconnect awitches
in staged-drive railgun systems to isolate each stage
driver after it ~ -~ done its work and in capacitively-
driven induction 18 to recover the energy after each
pulge. The most fficult switching problem appears
to be in the ind ively-driven repetitive railgun.
This system require: 1 repetitive opening switch capa-
ble of handling and 1 .aterrupting currents as high as a
few MA, withstanding recovery voltages as high as a
faw to 10 kv, snd oper:ting at pulse repetition rates
of 1-10 pps and possibly up to 50 pps. The problem of
producing repetitive pulses in high impedance 1loads
using inductive energy storage was effectively ad-
dressed in a 3-year research and development program
at Los Alamos,* culminating in a full power demon—
stration Eroducing a 75-MW, 5-kHz pulse train at a
1-Q 10ad. %9 1he problem of inductively driving high-
carrent, low-impedance loads, when coupled with the
need to recover the energy remaining in the load in-
ductance after each pulse, is sufficiently different
and difficult to require a fresh approach.

The minimum railgun barrel length is achieved by
driving the projectile with a constant current at the
maximum acceleration permitted. Under conditi ns of
constant —current drive, the energy in the fiuductance
of the rails equals the kinetic energy in the pro-
Jectile, If the energy remaining i{n the railgun in-
ductance is not used or recovered, it causes two major
problems. First, the operating efficiency will be
limited to 50 X, requiring the main inductive energy
store to be twice as big as necessary. Secondly, the
energy must be dissipated either in the rafls or in
external resistance. For repetitive operafion, the
first option quickly leads to unacceptable weight and
size requirements on the rails while the second option
adds a fairly significant suhbsystem to the problem,

An elternative to dissipating the energy is to
crowbar or short circuit the hreech of the railgun to
allov the magnetic energy trapped in the inductance of
the gun to continue to drive the projectile. The ef-
fectiveness of this scheme was investigated using a
self-consistent, variable-current computer model. A
projectile was assumed to be accelerated to a given
velocity using a constant-current source to drive a
lossless railgun. After the breech crowhar switch wvas
closed, the projectile was further accelerated by the
magnetic energy remaining in the gun. A normalized
plot of the energy in the railgun inductance versus
projectile position {e shown in Fig. 4. Energy fie
sdded linearly to the gun fnductance until the breech
crowbar switch is clneed. The projectile position at
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Fig. 4, Normalised plot of inductive energy in rail-

gun barrel versus projectile position.

that time is defined as 1 unit of barrel length and
the maximum inductive enezgy in the gun is defined as
1 unit of energy. After that time, energy is added to
the projectile at the expense of the energy in the in-
ductance. The results of Fig. 4 show that the barrel
length must be made twice as long to recover 50 X of
the gun's inductive energy and made 5 times as long to
recover 80 X, It is clear that this scheme rapidly
becomes impractical, with the extra energy recovered
not being worth the extra barrel length needed.

To fully recover the energy stored in the gun's
inductance, one must use resonant circuits. When the
projectile has reached its required velocity or has
exited the barrel (whichever comes first), a crowbar
switch across the muzzle i8 closed. Let Ip be the
current flowing through the storage {inductor L; and
the 1nad inductor Lj at that time. By connecting a
precharged capacitor C; across the inductors, as shown
in Fig. 5, one can aet up a resonant circuit condition
to cause the current in the load inductor to oscillate
through zero. All the circuit emnergy can then be
trapped in the storage inductor L; by closing a switch
across the capacitor. The oscillation in L2 can be
initiated in either direction. If the initial capaci-
tor voltage Vo is negative, the current in Ly will be
driven towards zero in a manner identical to the
counterpulse technique for gwitches. The init‘al ca-
pacitive energy required to cause a current zero in Lj
is obtained from Eq. 3 (L2 replaces Lgyyitch) 8iving

Ec » (1 +X)g, , (4)

where X = Ly/Lj. On the other hand, {f Vo is pos:tive
and the capacitor has sufficient energy, the current
in Ly will first swing to a value of 2Iy before re-
versing and coming through zero. The same amount of
initial capacitive energy, Eq. 4, is still required.
A plot of the energy varistion in the capacitor and in
the load inductance during the resonant energy re-
covery process is shown in Fig. 6 for both of these
recovery methods (for the case X = 0.2). The kay
differences are that the overpulse method doubles the
ixrent {n Ly and tekes 3 times longer than the
countyrpulse method. Which method is best depend« on
a number of factors, including railgun resistancc and
stress limits. The counter, . lse method imposes lev.s
streas on ths rails and {s n.re efficient because the
current gzero in L7 {s produced in less time. However,
it requires more switches than the overpulse method.
A repetitive energy transfar and energy recovery
circuit requiring onl' 4 ewitches and oamploying the
counterpulsc tachnique for both switch opening and

energy recovery 1is ghown in Fig. 7. The storage
current Ig {nitially flows through L;, §;, and §;
(loop 1) while C; ir charged to a voltage Vo, When
the projectile {s {njected into the barrel, C; die-

charges through the railgun (loop 2) to automatically
counterpulse the current {in switch 8§ to gero. With
87 open, the current from L; fiows through 5, and (;
to drive the projectile while also reversing the po-
larity of C;. When C;  has been charged to a vultage
Vi and energy slightly greater than (Ll + X)E z¢;n41
(vhere X » Logyna1/1), switch 83 {s closed to bypass
the capacitor. After the projectile has reached {ts
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Fig. 3. Schematic dtagram of resonant circult needed

to fully recover energy from tnductive loads.
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Fig., 6. Plots of the energy variation in the load
inductor (A) and the transfer capacitor (B)
during a resonanc energy recovery with the
counterpulgse (1) and overpulse (2) methods.
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Fig., 7. Schematic diagram of a counterpulse energy
transfer and energy recovery circuit for a
repetitive railgun system.

deaired velocity (or axited the barrel), the muzzla
crowbar ewitch 8; i{s closed. The circuit is then
placed in the resonant energy recovery mode by closing
switch 59 to allow Cj to counterpulse the vurrent in
Lotinal to zero and return ite energy to Ly, as dis-
cunsed earlier. By slightly delaying the clowing of
8) to trap the system energy i{n L), the capacitor can
be racharged to & voltage Vy and the eatire circuit
roturned to ite original condition (except for the
energy imparted to the projectile).

An enerzy transfer and recovery cir-uit employing
the ovarpulye energy recovery technique {e shown in
Fig. 8. The storage current Ip in Ly initfally flows
through switch 8y. If 8y 48 a current-zero awitch, €}
muat have aufficlent tnitial stored enerpgy to provide
& current counterpulse in 8; and a ewitch must be pro-
vidad {n Leries with the capacitor. For simplicity,
8) 1» assumed to be a dfrect-interruption switch and
the capacitor does not nead to have any initial wtored
energy. When the project{le hav been injected {nto
the rafigun, 8; {m opened to force the current to
trausfer into () and the railzun, The capacitor
tracks the voltage of the railgun and must be sized so

that its energy at the finali railgun voltage will be
slightly greater than that required by Eq. 4. When
the muzzle crowbar switch is closed to terminate the
projectile acceleration, the circuit is placed {into
the ressonant overpulse condition discussed earlier.
The capacitor sets up an oscillation in the railgun,
forcing its current to double and then swing to zero.
Switch S; 18 then closed to ‘rap all the circuit
energy in Lj, returning the circuit to its original
condition (minue the projectile energy) and completing
one energy transfer and recovery cycle.

For both of the circuits just described, the ca-
pacitor must be able to store energy in the few-10 MJ
range at voltages ' the few kV range. This leads tc
a capacitance in the F range. While this is Juite
impractical for standard capacitors, it should be
feasible using a rotating electrical machine.
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Fig. 8. Schematic diagram of an overpulse energy

transfer and energy recovery circuit for a
repetitive railgun systea.

83 s for F ¢ Researc

Rescarch ghould gddress both gwitches and
circuits. Research and development of the RATVG
switch {s needed to increase {ts current rating, to
reduce its conduction drop, to investigate its turn-
on arc characteristics, and to determine the fedsi-
bility of using an axial magnetic field to make it a
direct-interruption gwitch. Systems gtudies are
needed to check the suitability of these trancfer and
energy recovery circuits for particular applications,
to determine whether the required transfer capacitor
{9 feasible, and to improve vpon the present concepts.
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