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PROGRESS IN DEVELOPING REPETITIVE PULSE S:STEHS
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Summary

swltehes were
transfer

Mighwepower, fasl~recovery vacuum
used In a new reoetitlive counterpulse and
circult to dellver a 5-kHz pulse train with a peak
power of 75 MW (at R.6 FA) to a 1-§ load, resulting
fn the firert demonstration of fullv controlled, higha-
power, high=repetition-rate operatlon of an Inductive
enerpy-storage and transfer svstem with nondest ructive
awitches. New clireufts, analviical and experimental
results, and feanibllity of 100-kA and 100-%V repeti-
tlve pulse generation are discussed. A new switehing
concept for raflgun loads & presented.

Introduct fon

The need for repetitive, hipgh power pulke pener-
ators Is emerping from a mumber ol major programs
within the DOE and DoD  communit tes. 107 Regqu i rement s
cover a wide ranpe:  kA-MA currents, kV-MV voltages,
ne=ms pulse widths, and 1-30,000 Ny pulse repetition
ralee If the ontput duty factor 1s low, cconomles
oneraily aequlres an Intermediate enerpy stare he-
tween the power sapply and the load.  Inductlve enerpy
storaps (iFS) is advantapeous hiph
energy denstey and decreasing ratfo of cost to enerpy
an slze increases Wi h fts fast diseharpe capabl 1=
tv, IF% attractive for pulse compression
‘using an Inertial energy store, tor Instance).  Bath
stuele shot and lTow repetitfon rate operations of In-
ductive enerpy storate am! transter svstems have been
tmpressfve  levels with
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Approach
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INTII IS E LA L B T KT Fatfonal Taboatary

trar-.fer operation requlres that the openlng switeh
diss!pate encrgy associated with the switch Inductance
Lowiteib, and the load [nductance Lo The minimum
tnerpy dlesipation {n the switeh Epig (for Instan-
tancous switehing) 18 related to the enerpy  Epgwiteh
stored In the switeh Inductance and ta the energy Ep2
transferred to the load Inductance by the equation
En1s = Mawteen t (0 OB, n

where % = La/ly. The gwitch
with lucreases In gwitching time.

With the counterpulse method, the eurrent [n the
opening swlteh S of the capacltlve transfer circull
(Flp 2) Isx momentarlly reduced to zerv by dlscharging
the counterpalse ecapaclitor Co through the gwitch In
the directlon opposing the maln current. If the
current zero time {5 lonp ennugh, the sw!teh recovers
and opens. The coll current then flows throuph Ca,
rapldly ralsing {1t voltage to a value sufficient to
force the current to transter to the load.  The switeh
Ie allowed tn open naturally during the current zero
time and the severity of the recovery voltape gtress
fe roduced by the parallel counterpulae capacitor.
Furthermore, there ts no [undamental dliseipat lon ol
enerpy astociated with the stray Inductances In a ca-
pacltive trapsler clreuft.  The caerpy l':l.uullc'h stored
In the opening switeh Inductance  Lggyqeeh 18 actually
tcanslerred back to the storage coll Ly hy the actlon
ol the counterpulue capacitor.  The Inerease In wtored
enerpy AFpp tn Ly ts plven by the equation

dissipaLion increascs

A = GO VI iwteen s (B

where Yoo wctated with the

Lywiten/ly. The enerpy a:
comnterpulse loop Indocianee Laooand the load Toop In
supplied directiy by the capac'tor,
which In turn revelven {ts enerpgy trom phe st pape
coll, Theretore, except tor the energy to charg s €
the irst thne, all ol the enerpy regulred to elfeet
the trancler operations ultfmately comes trom Do the
anly diusipat tve Toxses are
thoewe ascoelated with normal switeh comluct lon.
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The counterpulse methnd was selected as this
program's primary approach due to ites significant re-
duction In switching demands and elimination of the
fundamental energy losses assoclated with stray in-
ductances. To achieve repetitive operation, three
different circults capable of providing the counter-
pulsc current repetitively were developed for varlous
lund requirements. Triggered vacuum switches’» ' were
selected for the reopetitive openinp switches aae tc
thelir demonstrated current conductfon and voltage
ctandof{ capability, fast recovery rate following a
current zero, high repetition rate potentfial with the
trigger avstem and relativelv low cost.

New Cf reuit Cnncents

Parallel Courterpulse Circuit

Operation. The firat repetitive transfer circenit
developed and tested to high  jower levels was the
paralle! counterpulse circuft (F.g, 3). The counter-
pulse capacftor Cy s effectiv:ly in parallel with
both the opening switch and the load. Simplified
waveform representations (Fig. 4) and actual circull
wiveforne (Fig, 5) from a 23-M. pulse train are shown
to help {llustrate the circrit operatfon described
bhelow. At time t,, the strrt switch 8) {5 closed Lo
discharge the 1.44-oF ener,,vy atorage capacitor bank C)
through the 180-111 energy storage inductor Ly and the
vacuum {interrupter opening switch VI, At t), awitch
2 closed at peak current to trap the energy In L,.
The S5-kA tert ecurrent (Fig. 5a) through Ly and VI then
decays exponentially, dapending upon 1.} and the total
cffective -esistance of the mlorage loop. At t ), the
contacts of VI are mechanfeally partod to create
vacuum are, a prerequisite for current zero {otor-
ruption Iater. At t4, the contucts are {ully open,
separated by a distance sulficient to withstand the
eventunl  recovery voltape. The mechanieal apening
time « f VI {8 soveral ms. At t4, the precharped 10-pF
counterpulse capacitor Ca {s discharged through V1 and
saturable reactor lgat (Fig. b, negative part) to
produce a current zero In VI (Fig, "a), Al Uy, "gAT
comes out ol snturation and Introdueen a4 larpe (n-
ductance into the counterpulse loop, “treczing™ the
current in VI at a near-zero value tor a time Jde-
pendent on the volt=second rating of the reactor and
the averape voltape remaletng on Co (Flg, e positive
part)., Hothe current —zero time (U7 - ty)  iw long
ecnouph  Cabout 20 ) V1 delonlzea and openn at 1y,
ntrerned by oan Inftial recovery voltage equal te the
voltape  remalntop on -t that time, During the
current zero tlme and atter VI opens, the cofl current
fr diverted trom the openlng switeh Into the counter
pulse clreaft, where 1t actn to reverse the polarity
ot U (K, %), At 1y, when o has recharped to a
voltage wullphtly  preater than the  expected  Joad
voltape (Fip, Y, the Joad Tnolation swlreb TVGy ga
cloned to (nltiate the output current pulne  (Fip, W)
tireuph the -6 Toad resintor Rioap.  The mhape o the
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Sehemat e dbapram of parallel connterpulee,

tepetttdve tranater test ctrentt .

output pulse {6 determined Yy two separale circuit
actions that occur on different time scales. First,
tur load pulse risetime is determined by the discharge
of C> through the load and depends on the circuit pa~
rameters RipADp, C», and the stray inductance in the
discharge loop. The rising part of the load pulse
terminates when the current through the counterpulse
pwitch TVGy) attempts to reverse directions, i.e., when
the capacitor dimscharge cutsient through the Jload
equals the coll current Typ f[lowing through Dy,
TVG2, and Co. The counterpulse switch effectively
clips the iond pulse, therefore, at the value I,
producirpg a fast rising pulse without overswing. The
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Fip. 4. Simplitied waveform representations ot re-

petitive tranafer circuit operation.
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the load pulse can be decreascsd by In-
by delaying the closing of

rigsetime of
creasing the voltage on C;v

TVG3. This effect can he scen by the steeper risetime
of the firgt load pulse versus Lthe second load pulse
(Fig. 5d) resulting from the higher overcharge of the

capacitor durinp {ts first recharge (Fip, 5¢) compared
to {ts Aaccond recharge. Second, once TVG> opens to
remove C2 from the clircult (at tgp) the flat part of
the load pulse Is determined by the discharge nf the
storage inductor 1; directly threugh Rygan, cauaing
the load pulse :n decay with an exponential time
constant  of  Ly/Rypap. If the energy In the 1nad
pulee I small compared with the total stored cnerpy,

the load current remalns essentf{ally constant. In
this demonstration the load pulre enerpy was a sip-
uificant fractfon nf the stored energy and the load

pulse decay was appreciahle (Fip. 5d).
the trippered main opening switeh TVGy
ioad pulee (Fig. 5d) and returns the avatem to the
storage modc (Fipg. 537). Before the next transfer
cycle can be initinted with another coun.erpuls~ oper-
atlon, the polartty of Ca must he reversed. This I8
aceomplished by closing reversing switeh TVG, at t)g
tu discharpe Co through the small 0=yl fnductor L3
and ben Interrurting the reversing current (Fig. Sb
peaftive part) at the peak reversed voltage at  tyg.
The complete cvele just must thern be re-
peated tor cach output pulse required. At the end of
the pulke traln, switech S 1s closed to carry the re-
malnder of the test current pulec iand VI {5 closed to
provide a low resistance path for coll recharging.
Sertes diodes were required with TV and TVE, because
thelr d1/dt duty was too great tor relfable opening.

At to, closlng
term{nater the

deseribed

Ih=MW Results.  The most
pulse operation achieved (Fip,

siprifleant
) wias a

repetitive
aevenr-pualse,

I=MW pulee tratn dellvoring over .60 kA to the 1-¢
Toad art o =kl rate, The pulues were &/ ns wide and
had a rlsetime ol 4 s, The  repetitive counterpulse
and v oneter cfrealt spown In Fipo 3, except with l'|
{ncreaned 1o WOl was uwsed. It should be noted
that  the svsten has some welt shealing Lault modes

Ineliding tripvering tatlures of  the counterpulpe
switeb, the uwiteh, the Joad Irelation

cwlteh, Pulae teatn recovery atter Joad pules abropom

reversbng amld

wirss daetually observed durdnp the 7% %W toats,

B ldve cownterpulae clrenft . The altlmate repe
Uitdon rate ot the repet it lve Cransler elreutt shown
ftn Vg, Vil Hirtted by the total ol awlteh roeovery
ttmew, the counterponlne operation, the counterpulse
rect time, and the duratfon ot the Toad pulpes The
repetitfon rate 1imfit could "o pearty doubled T the
omnterpanlae reget tlme, o slpnttfeant tractfon ot the
total exvele tire, wan elimineted, This wan acnleved
Lo wdilne the Frldye comterpuloe clvealt (Fip,o /Y,
Ve arranrement ool gued Por commutat ton capac ftors
tn "vverter clrcuite, wan sngpentod v Mo Pagprons ol
Low Alamos. Let one balt of the hrldpe (partuy A and
MY be wwed Po conmterpaiac the opening swlteh,e Then
dn woon as the capacttor has heen e harteed 1o the
tall reverne polardty, the other hall of  the bifdape

Cpart-o M ad O can be aed to pravide anotber car reat

connterpulse fomed{ately, However,  two  addbt tanal
cartent et opeplop o swlteles are requlred. Thin
tyoe ot ctrenlt was operated at o 10 R gt 1S bW
W ov SR, A SO A, WOV e traln with ove 40

patsen was del tvered 1o 0 s Toad,

Vith thia ctrentt, the ulrfmate pepetftfon talse
f Tt by vhee tor T comnterpulae thme (whlbe b
depends o The awito e pecovery tieeY et Yoo palse
Jurat b, Frows o hatee conchterat o The aunteapialse
tes By time 0t ! Yo Fle, %Y mawt cqual the uuam
chothe cnrent cero e T 0 0t tad ol oo
halt ot rhe vurpent b It tme Ty g 1 Y In tln
opentee wlte ), Theretore, the toral connterpalane

delasw tiee Tpppay ot the mbnlmne pulse totervalY for

- r’h} aele

SZMABVAOCO

.
&
i

g S

x
=z 4
T
—

]
1.2 1.4

5-kllz pulse
Fig. 3

1 10] — —J___L___J.__ | 1 |
U 0.0 0.7 04 J6 n.g 1.0

TIME ms

load current waveform of 75-MW,
traln (repet!ftive pulse “freuft,

Fip. 7. Achemat le dlagram of bhridge  arva gement for
hiph repetition rate counterpulse operation.
the bridgse counterpulse clreult Is glven by
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The third repetitive
clreult developed

counterpul e and
In tiuls propram {8 shown In
The counterpulur capacltor provides a current
the maln opealng switeh Sa by discharging tu
t hrough the  load Ry, N As wilh the repular
patiallel counterpulse clreult (Fig. 1), thls elreult
roquires only Jour cerrent pero o openlng swltenes,
Fartiermore, 1t has che advantape (as the six-switeh,
total, bridpee counterpalue clreult, Tip, 1) ot
quiring the counterpalse reset opetation.  The storggee
carrent Toognittally Dlows through switcehes S and So,
When load rwlteh 5y
pulse capacitor Co

nol roe -

cloves,  the preclaged countet
discharpes throggh Rpoand the matn
Theretare, the {attiat{on of the
Load putse oceurs simolrancously with the counterpulse
fuftlation. When the load t he
the ntorage curvent 1o flowing through 89, the opening
wwiteh current s zero gnd 5 Tl

aopenfng nwiteb S0,

Puise reaches v lue ot
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moaln counterpnloee, swltoin B o clowe b te coaplete the

transter ovebe and return the pestens to the rtoraps
modde , Compared to the parallel counterpuleoe et
thie clhrontt produces Joad pelaes with taster riae

Plmese ol Falltbmes g but Fas the dbaulvant ape that the
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Fig. f. Series counterpulse circuit schematic,

Analysis of Pulse Risctime

Ar. analytical study was made to determine the ef~
fects of circuit parameters on the output pulse risec-—
time. The circuit mcdel used, Fig., 9 (inget), repre-
sentf the circult cnnditions of the parallel counter-
pulse circuit at the instant the load switch closes.
For the care where the load {inductance Lj is much
less than the storape {nductance 1.4, analytical
solutions for the output waveforus and for the pulse
risct{me wecre obtained. A plot of the normalized
risctime tp/tR, versus the charge factor K {8 shown in
Fip. 9, whore X = V,/I1,R;, V, and 1, are the Inltlal
conditions on €2 and Ly (resp.), the nataral frequency
Wy © (1/156)1/2]  the damping factor a = Ry /2Ly, and
the reference risetime tpy = M/ 2w I8 for the undamped
case (@ = 0), For the ove-damped case (a/w, > 1),
there miet nve a minimum voltage on the counterpulse
capaclitor to achileve complete transfer to the load Ry,
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Figp. 0, Karmallzed visettme 1ot ve, voltape tactor,
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The apprade potential of theae repetitive palee
clrenlts primarily on  developinpg lTetter
wwitehes, A current zero  openine sweiteh with
excellent hph power, hiph repetition vate patont lal
I *'he rod arravy  trigpered (RATV()
Jevetoped tor the Tlectrie M'ower Receareh Inst Ilnll"h
tos nae Ta BV pransplaston Tioes,o  The best RATVE cons
ducted a PYO-FA (npab) ae hall-evede current pulwe,
Intertupted at current zero, avd withstood o recovery
voltape of TV AV wlihin 150 g, 1!
rematned dittuse, slmitas perfomance o expected tor
cartent Interruptien duty with the fant connterpalae
technlgue, piving the Fag Alinos developed tepet i fve
pulse clreattn pood potearlal Tor operattng tn the
too LA 100k and P FIE panpe,

(|n|u'||l| "

vaoaum o pap

Becaune the ot

Watlpan Appticat fons

Trheo careent Hindt ot RATVC: Te ot 1) uinbnown. An
vact s espesdtmental device carcled o S0 VA {pead), ae
balt cvele currtent pulae with an are voltape of leuas

TP IEUR A PFotenttal Toe MA panpe operation (o vy

pood.12  Therefore, RATVGs have potential railgun
application as diverter switches to rhort the end of
the rails as the bullet exits and as current zero
opening switches to discoinnect successive pgenerators
in staged drive systems. Furthermore, with an axial
magnetic field applied transverse to the arc, RATVGs
have potential application as repetiilive opening
switckes required «t the breech for reperitive
raflgun operation with inductive encergy storage (Fig.
10). Transverse magnetic fields have procduced arc
voltages of several kV in vacuul {nterrupters. ~ An
axlal magnetic field applied to a RATVG should produce
an arc voltage sufficient to force the rurrent to
transfer to a low impedance lcad, such as a railgun.

\ l'l
T i o
o TH_— $Hb™

Axtal Fiald MATVE

Rall gum

Fig. 10. Repetitive rallgun using axial ifeld RATVG.
Conclu_sions

New c.rculits and switching concepts Lave been de-
veloped und tested. Operation at 75 MW and 5 klz with
a 1-§¢ load has proven the feasiblility of uslug in-
ductive energy storape for high power pulse generation
at high repetition rates. Repetitive counterpuise and
transfer c¢ircults achleve highly efticienl current
transfer to the load ard full interruption in the
opening switch, and feature complete control (pulse-
to-pulse) over pulsn {nftiation, rf<ctime, duration,
and repetitfon rate. Rirctimes faster than the s
range  proba™y  require intermediate  pulse forming
networks  and/or mapnetic  suitcehing. The transfer
clrealts also apply to capacltive and  inductive
loads. Rod array TVGE efve these circufrs upgrade
potent fal 1o the 10-GW loyel.

The author thanks M. ¥Frist laosen, J. Sarjeant, J.
i, ard D, Sinha tor technlcal assistance.  Dls-
custsfons with R. Warren, T. Burkeus, A. Cuenther, J.
Rich, C. Goody, L. Harris, C. Ximblin, L. Hatticld, B.
Nunnally, M, Parsons and others have been helpful .
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