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Summary 

High power, fast recovery vacuum switches were 
used in a new repetitive counterpulse and transfer 
circuit to deliver a 5-kHz pulse train with a peak 
power of 75 MW (at 8.6 kA) to a 1-st load, resulting 
in the first demonstration of fully controlled, high 
power, high repetition rate operation of an inductive 
energy storage and transfer system with nondestructive 
switches. New circuits, analytical and experimental 
results, and feasibility of 100-kA and 100-kV repeti­
tive pulse generation are discussed. A new switching 
concept for railgun loads is presented. 

Introduction 

The need for repetitive, high power pulse gener­
a tors is emerging from a number of major programs 
within the DOE and DoD communities.1,2 Requirements 
cover a wide range: kA-MA currents, kV-MV voltages, 
ns-ms pulse widths, and 1-30,000 Hz pulse repetition 
rates. If the output duty factor is low, economics 
generally requires an intermediate energy store be­
tween the power supply and the load. Inductive energy 
storage (IES) is advantageous because of its high 
energy density and decreasing ratio of cost to energy 
as size increases. With its fast discharge capabili­
ty, IES is also attractive for pulse compression 
(using an inertial energy store, for instance). Both 
single shot and low repetition rate operations of in­
ductive energy storage and transfer systems hav~ been 
demonstrated at fairly impressive levels with good 
reliability.3,4 However, future applications requir­
ing operation at high power and high repetition rates 
(>100 Hz) will be the most demanding. Although such 
operation has been demonstrated with explosive opening 
switches and fuses,5 actual systems will generally 
require high power, repetitive opening switches. 

Approach 

To meet the projected needs for repetitive, high 
power pulse generators utilizing IES, the Los Alamos 
National Laboratory initiated a program in late 1980 
to investigate and develop high power repetitive open­
ing switches and associated circuits and to demon­
strate high power pulse train feasibility. 6 By not 
being tied to the specific requirements of a particu­
lar program or application, the Los Alamos program was 
free to explore the problem in general terms. The 
goal of achieving 10-kA, 10-kV pulses at a rate of 
1-10 kHz was established to give some focus to the 
program and to address the minimum requirements pre­
sented at the opening switch workshop.2 

There are two fundamental switch opening methods 
(direct interruption and counterpulse) and associated 
transfer circuits. With the direct interruption 
method, the impedance of the opening switch R(t) in 
the resistive transfer circuit (Fig. 1) is raised 
rapidly to a value much greater than the load im­
pedance to force the current to transfer to the load. 
The load voltage risetime depends directly on the 
switch impedance risetime. The switch must conduct 
the full storage current, undergo a large impedance 
change, and then withstand the high recovery voltage 
immediately afterward. In addition, the resistive 
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transfer operation requires that the opening switch 
dissipate energy associated with the switch inductance 
Lswitch and the load inductance Lz. The minimum 
energy dissipation in the switch EDIS (for instan­
taneous switching) is related to the energy ELswitch 
stored in the switch inductance and to the energy EL2 
transferred to the load inductance by the equation 

Enis = ELswitch + (1 + X)Ei,2 ( 1) 

where X= Lz/Lr. The switch dissipation increases 
with increases in switching time. 

With the counterpulse method, the current in the 
opening switch S1 of the capacitive transfer circuit 
(Fig 2) is momentarily reduced to zero by discharging 
the counterpulse capacitor C2 through the switch in 
the direction opposing the main current. If the 
current zero time is long enough, the switch recovers 
and opens. The coil current then flows through C2, 
rapidly raising its voltage to a value sufficient to 
force the current to transfer to the load. The switch 
is allowed to open naturally during the current zero 
time and the severity of the recovery voltage stress 
is reduced by the parallel counterpulse capacitor. 
Furthermore, there is no fundamental dissipation of 
energy associated with the stray inductances in a ca­
pacitive transfer circuit. The energy ELswitch stored 
in the opening switch inductance Lswitch is actually 
transferred back to the storage coil Lr by the action 
of the counterpulse capacitor. The increase in stored 
energy 6EL1 in Lr is given by the equation 

~Ll = (2 + Y)ELswitch ( 2) 

where Y = Lswitch/Lr. The energy associated with the 
counterpulse loop inductance L2 and the load loop in­
ductance L3 is supplied directly by the capacitor, 
which in turn receives its energy from the storage 
coil. Therefore, except for the energy to charge Cz 
the first time, all of the energy required to effect 
the transfer operations ultimately comes from L1 , the 
energy storage coil. The only dissipative losses are 
those associated with normal switch conduction. 

Fig. 1. Schematic diagram of resistive transfer 
circuit with stray inductances. 

Fig. 2. Schematic diagram of capacitive transfer 
circuit with stray inductances. 
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The counterpulse method was selected as this 
program's primary approach due to its significant re­
duction in switching demands and elimination of the 
fundamental energy losses associated with stray in­
ductances. To achieve repetitive operation, three 
different circuits capable of providing the counter­
pulse current repetitively were developed for various 
load requirements. Triggered vacuum switches7,8 were 
selected for the repetitive opening switches due to 
their demonstrated current conduction and voltage 
standoff capability, fast recovery rate following a 
current zero, high repetition rate potential with the 
trigger system, and relatively low cost. 

New Circuit Concepts 

Parallel Counterpulse Circuit 

Operation. The first repetitive transfer circuit 
developed and tested to high power levels was the 
parallel counterpulse circuit (Fig. 3). The counter­
pulse capacitor C2 is effectively in parallel with 
both the opening switch and the load. Simplified 
waveform representations (Fig. 4) and actual circuit 
waveforms (Fig. 5) from a 23-MW pulse train are shown 
to help illustrate the circuit operation described 
below. At time t 0 , the start switch S1 is closed to 
discharge the 1.44-mF energy storage capacitor bank C1 
through the 180-~H energy storage inductor Lr and the 
vacuum interrupter opening switch VI. At t 1 , switch 
S2 closes at peak current to trap the energy in L1. 
The 5-kA test current (Fig. Sa) through L1 and VI then 
decays exponentially, depending upon L1 and the total 
effective resistance of the storage loop. At t2, the 
contacts of VI are mechanically parted to create a 
vacuum arc, a prerequisite for current zero inter­
ruption later. At t3, the contacts are fully open, 
separated by a distance sufficient to withstand the 
eventual recovery voltage. The mechanical opening 
time of VI is several ms. At t4, the precharged 30-~F 
counterpulse capacitor C2 is discharged through VI and 
saturable reactor LsAT (Fig. Sb, negative part) to 
produce a current zero in VI (Fig. Sa). At ts, LsAT 
comes out of saturation and introduces a large in­
ductance into the counterpulse loop, "freezing" the 
current in VI at a near-zero value for a time de­
pendent on the volt-second rating of the reactor and 
the average voltage remaining on C2 (Fig. Sc positive 
part). If the current-zero time (t7- ts) is long 
enough (about 20 ~) VI deionizes and opens at t6, 
stressed by an initial recovery voltage equal to the 
voltage remaining on C2 at that time. During the 
current zero time and after VI opens, the coil current 
is diverted from the opening switch into the counter­
pulse circuit, where it acts to reverse the polarity 
of C2 (Fig. Sc). At ts, when C2 has recharged to a 
voltage slightly greater than the expected load 
voltage (Fig. Sc), the load isolation switch TVG3 is 
closed to initiate the output current pulse (Fig. Sd) 
through the 1-n load resistor RLOAD· The shape of the 

Fig. 3. 
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Schematic diagram of parallel counterpulse, 
repetitive transfer test circuit. 
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output pulse is determined by two separate circuit 
actions that occur on different time scales. First, 
the load pulse risetime is determined by the discharge 
of C2 through the load and depends on the circuit pa­
rameters RLQAD, C2, and the stray inductance in the 
discharge loop. The rising part of the load pulse 
terminates when the current through the counterpulse 
switch TVG2 attempts to reverse directions, i.e., when 
the capacitor discharge current through the load 
equals the coil current ILl flowing through Dr, 
TVG2, and C2. The counterpulse switch effectively 
clips the load pulse, therefore, at the value ILl• 
producing a fast rising pulse without overswing. The 
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risetime of the load pulse can be decreased by in­
creasing the voltage on c2 by delaying the closing of 
TVG3. This effect can be seen by the steeper risetime 
of the first load pulse versus the second load pulse 
(Fig. 5d) resulting from the higher overcharge of the 
capacitor during its first recharge (Fig. 5c) compared 
to its second recharge. Second, once TVG2 opens to 
remove C 2 from the circuit (at t g) the flat part of 
the load pulse is determined by the discharge of the 
storage inductor L1 directly through RLOAD• causing 
the load pulse to decay with an exponential time 
constant of ~Lr/RLOAD· If the energy in the load 
pulse is small compared with the total stored energy, 
the load current remains essentially constant. In 
this demonstration the load pulse energy was a sig­
nificant fraction of the stored energy and the load 
pulse decay was appreciable (Fig. 5d). At t9, closing 
the triggered main opening switch TVG1 terminates the 
load pulse (Fig. 5d) and returns the system to the 
storage mode (Fig. Sa). Before the next transfer 
cycle can be initiated with another counterpulse oper­
ation, the polarity of C2 must be reversed. This is 
accomplished by closing reversing switch TVG4 at tro 
to discharge C2 through the small 30-~H inductor L2 
and then interrupting the reversing current (Fig. 5b 
positive part) at the peak reversed voltage at t11· 
The complete cycle just described must then be re­
peated for each output pulse required. At the end of 
the pulse train, switch S3 is closed to carry the re­
mainder of the test current pulse and VI is closed to 
provide a low resistance path for coil recharging. 
Series diodes were required with TVG2 and TVG4 because 
their di/dt duty was too great for reliable opening. 

7 5-MW Results. The most significant repeti ti.ve 
pulse operation achieved (Fig. 6) was a seven-pulse, 
7 5-MW pulse train delivering over 8. 6 kA to the 1-1:) 
load at a 5-kHz rate. The pulses were 27 ~s wide and 
had a risetime of 4 ~s. The repetitive counteTpulse 
and transfer circuit shown in Fig. 3, except with L1 
increased to 300 ~. was used. It should be noted 
that the system has some self-healing fault modes 
including triggering failures of the counterpulse 
switch, the reversing switch, and the load isolation 
switch. Pulse train recovery after load pulse dropout 
was actually observed during the 75-MW tests. 

Bridge-counterpulse circuit. The ultimate repe­
tition rate of the repetitive transfer circuit shown 
in Fig. 3 is limited by the total of switch recovery 
times, the counterpulse operation, the counterpulse 
reset time, and the duration of the load pulse. The 
repetition rate limit could be nearly doubled if the 
counterpulse reset time, a significant fraction of the 
total cycle time, was eliminated. This was achieved 
by using the bridge-counterpulse circuit (Fig. 7). 
This arrangement, also used for commutation capacitors 
in inverter circuits, was suggested by M. Parsons of 
Los Alamos. Let one-half of the bridge (parts A and 
D) be used to counterpulse the opening switch. Then 
as soon as the capac! tor has been recharged to the 
full reverse polarity, the other half of the bridge 
(parts B and C) can be used to provide another current 
counterpulse immediately. However, two additional 
current zero opening switches are required. This 
type of circuit was operated at 10 kHz and 15 kW 
using SCRs. A 50-A, 300-V pulse train with over 40 
pulses was delivered to a 6-l:l load. 

With this circuit, the ultimate repetition rate 
is limited by the total counterpulse time (which 
depends on the switch recovery time) and load pulse 
duration. From charge considerations the counterpulse 
recharge time (tg- t7 in Fig. 4) must equal the sum 
of the current zero time TI-Zero (t7 - ts) and one­
half of the current falltime TI-Fall (ts- t4) in the 
opening switch. Therefore, the total counterpulse 
delay time TDELAY (and the minimum pulse interval) for 
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Schematic diagram of bridge arrangement for 
high repetition rate counterpulse operation. 

the bridge counterpulse circuit is given by 

TDELAY = 2TI-Zero + 1.5TI-Fall ( 3) 

Series Counterpulse Circuit 

The third repetitive counterpulse and transfer 
circuit developed in this program is shown in Fig. 8. 
The counterpulse capacitor provides a current zero in 
the main opening switch S2 by discharging in series 
through the load RL and S2. As with the regular 
parallel counterpulse circuit (Fig. 3), this circuit 
requires only four current zero opening switches. 
Furthermore, it has the advantage (as the six-switch, 
total, bridge counterpulse circuit, Fig. 7) of not re­
quiring the counterpulse reset operation. The storage 
current I0 initially flows through switches S1 and S2. 
When load switch S3 closes, the precharged counter­
pulse capacitor C2 discharges through RL and the main 
opening switch S2· Therefore, the initiation of the 
load pulse occurs simultaneously with the counterpulse 
initiation. When the load pulse reaches the value of 
the storage current I 0 flowing through S2, the opening 
switch current is zero and S2 opens. The energy re­
maining in C2 is then transferred to RL as the coil 
current continues to flow through Sr, C2, S3, and RL. 
After the voltage on C2 has reversed slightly, switch 
S4 is closed to bypass C2 and allow S1 to open. The 
remainder of the load pulse current then flows through 
switches S3 and S4. The load pulse is terminated by 
reclosing S2· The inverse voltage remaining on C2 
then acts to counterpulse the load switch S3 and 
transfer the storage current back to S2. An inverse 
clipping diode Dr may be used in parallel with the 
load to reduce the energy requirements of the load 
counterpulse action. When the storage current has re­
charged C2 to the voltage level required for the next 
main counterpulse, switch S1 is closed to complete the 
transfer cycle and return the system to the storage 
mode. Compared to the parallel counterpulse circuit, 
this circuit produces load pulses with faster rise­
times and falltimes, but has the disadvantage that the 
capacitor and switches must operate at twice the 
voltage level for the same load conditions. Operation 
at 20 A, 30 V, and 10kHz was demonstrated with SCRs. 



Fig. 8. Series counterpulse circuit schematic. 

Analysis of Pulse Risetime 

An analytical study was made to determine the ef­
fects of circuit parameters on the output pulse rise­
time. The circuit model used, Fig. 9 (inset), repre­
sents the circuit conditions of the parallel counter­
pulse circuit at the instant the load switch closes. 
For the case where the load inductance L2 is much 
less than the storage inductance L1, analytical 
solutions for the output wavefot~s and for the pulse 
risetime were obtained. A plot of the normalized 
risetime tRitRo versus the charge factor K is shown in 
Fig. 9, where K = V0 /IaRL, V0 and I0 are the initial 
conditions on C2 and L1 (resp.), the natural frequency 
w0 = (l/L2C)ll2, the damping factor a = RL/2L2 , and 
the reference risetime tRo = TI/2w0 is for the undamped 
case (a= 0). For the overdamped case (a/w0 > 1), 
there must be a minimum voltage on the counterpulse 
capacitor to achieve complete transfer to the load RL• 

. 8 

CHARGE FACTOR K 

Fig. 9. Normalized risetime plot vs. voltage factor. 

Potential for 10-GW, 1-kHz Pulse Gen~ration 

The upgrade potential of these repetitive pulse 
circuits depends primarily on developing better 
switches. A current zero opening switch with 
excellent high power, high repetition rate potential 
is the rod array triggered vacuum gap (RATVG), 
developed for the Electric Power Research InstitutelO 
for use in HV transmission lines. The best RATVG con­
ducted a 150-kA (peak) ac half-cycle current pulse, 
interrupted at current zero, and withstood a recovery 
voltage of 135 kV within 150 ~s.ll Because the arc 
remained diffuse, similar performance is expected for 
current interruption duty with the fast counterpulse 
technique, giving the Los Alamos developed repetitive 
pulse circuits good potential for operating in the 
100-kA, 100-kV, and 1-kHz range, 

Railgun Applications 

The current limit of RATVGs is still unknown. An 
early, experimental device carried a 240-kA (peak), ac 
half-cycle current pulse with an arc voltage of less 
than 70v.l0 Potential forMA-range operation is very 
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good.l2 Therefore, RATVGs have potential railgun 
application as diverter switches to short the end of 
the rails as the bullet exits and as current zero 
opening switches to disconnect successive generators 
in staged drive systems. Furthermore, with an axial 
magnetic field applied transverse to the arc, RATVGs 
have potential application as repetitive opening 
switches required at the breech for repetitive 
railgun operation with inductive energy storage (Fig. 
10). Transverse magnetic fields have produced arc 
voltages of several kV in vacuum interrupters.l3 An 
axial magnetic field applied to a RATVG should produce 
an arc voltage sufficient to force the current to 
transfer to a low impedance load, such as a railgun. 

Ll 

-l====-
Rail gun 

Fig. 10. Repetitive railgun using axial field RATVG. 

Conclusions 

New circuits and switching concepts have been de­
veloped and tested. Operation at 75 MW and 5 kHz with 
a 1-Q load has proven the feasibility of using in­
ductive energy storage for high power pulse generation 
at high repetition rates. Repetitive counterpulse and 
transfer circuits achieve highly efficient current 
transfer to the load and full interruption in the 
opening switch, and feature complete control (pulse­
to-pulse) over pulse initiation, risetime, duration, 
and repetition rate. Risetimes faster than the ~s 

range probably require intermediate pulse forming 
networks and/or magnetic switching. The transfer 
circuits also apply to capacitive and inductive 
loads. Rod array TVGs give these circuits upgrade 
n~r~nr~~1 r~ rho 10-GW level~ 
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