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Abstract

We summarize the results of a comprehensive analysis of ba-
sic pulsed power systems. Two capacitive energy storage systems,
lumped capacitor bank and LC generator, are described. Also de-
scribed are counterparts in transmission line system, a voltage charged
transmission line and Blumlein line. The inductive energy storage
systems, which are duals of the capacitive energy storage systems, are
described by the dual solutions obtained for the capacitive systems.

Introduction

Over the past few decades, there has been rapid development in
electrical pulsed power systems. Although a variety of systems have
been developed, they may be conveniently classified into a few ba-
sic categories. Two different means of energy storage are utilized in
electrical pulsed power systems: capacitive energy storage in which
the energy is stored in the form of electric field energy, and inductive
energy storage in which the energy is stored in the form of mag-
netic field energy. Relatively slow systems may be constructed with
lumped components and described conveniently by lumped circuit
theory, whereas fast systems may be constructed with transmission
lines amd described by transmission line theory. The circuits of
inductive storage systems are the duals' of the corresponding ca-
pacitive storage systems. In this paper, we summarized the results
of a comprehensive analysis of basic pulsed power systems. Two
capacitive energy storage systems, lumped capacitor bank and LC
generator, are described in terms of circuit theory; their counter-
parts in transmission line systems, voltage charged transmission line
and Blumlein line, are described by transmission line theory. The
inductive encrgy storage systems are duals of the above mentioned
capacitive energy storage systems, and found from the solutions ob-
tained from the capacitive systems. Such relationships are depicted
in Fig. 1. We propose new inductive energy storage systems which
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Fig. 1. Classification of pulsed power systems.

are the duals of the LC generator and Blumlein line and have similar
features to those of corresponding capacitive systems.

Capacitive Energy Storage Systems

Lumped Capacitor System

The lumped capacitor system has been widely used as a sim-
ple system for relatively slow pulse applications. Typical examples
include the capacitor bank system used in many pulsed plasma de-
vices. and the Marx generator, a simple high voltage pulse step-up
device. Such systems may be schematically represented by a series

RLC circuit as shown in Fig. 2. By closing the switch Sat t = 0,
the energy stored initially in the capacitor U = %C’VO2 is released to
the resistive load. The governing equation is a second order linear
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Fig. 2. Schematic of lumped capacitor system.

differential equation:
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There are three solutions of output waveforms with & = R/2L, and
wo = (LC)Y2:
a) For a > wo (overdamped)

V(1) = aVp/(a® - wd)~"/2e**sinh(a? — w})/?t, (2)

i)y =V@)/R )
b) For o = wg (critical damping)
V(t) = 2aVote™™, i(t) = V(¢)/R. (4)
¢) For a < wo (underdamped), with wy = (w3 ~ a?)1/2
V(1) = 2aVy/wee™* sin wqt, i(t) = V(¢)/R. (5)

These solutions, with typical circuit parameters, are plotted in Fig.
3. Due to the presence of series inductance L, the output waveforms
have a finite risetime resulting in a reduction of peak amplitude.
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Fig. 3. Typical output voltage waveforms of RLC circuit
showing overdamped (R = 109), critical damping
(R = 20), and underdamped (R = 19) cases.

The peak amplitude V, and the risetime ¢, (at which the amplitude
peaks) for the above three cases are listed in Table I.

Table I. Risetime t, and peak amplitude V, of
output voltage of LCR circuit, where a = R/2L,
wo = (LC)4w = (o = w2 wg = (0] — o)1

Damping condition Risetime t, Peak amplitude v,

20Vy (a—w) o

1 -1 w =R
z_;tanh o3 wp atw / 2w

Overdamped o > wg

pI7Y

Critical a = wq .

Q=

A pap-lwa 204 (a—wd) o
Wa o

Underdamped a < wy o \atws) T
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Voltage Charged Transmission Line

In lieu of the capacitor and inductor in the RLC circuit, a trans-
mission line is employed as a pulse forming network. The transmis-
sion line is initially charged to Vj and switched to the load resistance,
R, which is matched to the characteristic impedance of the transmis-
sion line Zp. The output is a square wave of voltage V5/2, current
Vo/2Zo, and pulse duration 27 = 2¢/v, where £ is the length of the
transmission line and v is the propagation velocity of wave in the
transmission line. If the load resistance is mismatched, the pulse
is reflected backwards and forwards in the transmission line giving
successive pulses of the same duration 2r with gradually decreasing
amplitude. The decay rate and polarity depend upon the ratio R/Zq
displaying a resemblance to those of RLC circuits; three typical cases
are shown in Fig. 4.
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Fig. 4. Schematic of voltage charged transmission
lire and typical output waveforms.

LC Generator

The LC generator as shown schematically in Fig. 5, is not as
popular as the capacitor bank system in practical application, but is
an important basic circuit. The main advantage of this system over
the simple capacitor system is that with a given charging voltage, the
output voltage is nearly twice that obtained from the simple capac-

Fig. 5. Schematic of LC generator.

itor system. The circuit is represented by a third order differential
equation,
& dh di | i
e o 2 L—+ — =0 6
ke dt3 + dt? +E di + Lc (6)
With appropriate initial conditions, i(0) = 0,d?/dt(0) = 0, and
d%i/dt?(0) = Vo /(RLC), the solution is found to be

Vit) =

Vowg T a-f at
(a~8) +w? [f’ (cosut+ " sinwt ) — e~¥4(7)

W) =V{t)/r (8)

where r = —1/(6RLC?) —~ 8 (2TR3C?), q = 1/(3LC) ~4/(9R*C?),
d=¢ 4+ a=[r+dPP - [r —d2PP L 2/3RC), 8 =
1/20r 4 dY2V3 - 1 f2r — dV2)V3 — 2/(3RC), and w = 31/2/2{[7" +
MBS [ dl/2]1/3}. The behavior of this solution depends largely
upon the parameters, R, L, and C; three typical cases are plotted in
Fig. 6.
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Fig. 6. Typical output waveforms of LC generator.

Blumlein Line

The Blumlein line is the counterpart of the LC generator in trans-
mission line systems. Two identical transmission lines are series con-
nected with a resistor which is twice the characteristic impedance of
the transmission line to be matched. Both lines are charged initially
to Vy and one end of the line is shorted by the switch Sat t = 0,
resulting in a pulse negative Vp which propagate along the line to-
wards the load resistor. In a time 7 = £/v this pulse arrives at the
midpoint; at this point the impedance seen by the pulse is the sum
of R = 2Zy and Zo. It is straightforward to show that a %V() pulse is
reflected back and a pulse Vj appears across the load resistor R, and
a pulse —%Vo is transmitted to the other section of the line. Both
reflected and transmitted pulses are reflected again by the shorted
and open ends of the lines respectively, and return to the midpoint in
time 27, canceling the initial charging voltage along the entire trans-
mission line. Thus the output voltage across the load resistance is Vg
with a pulse duration of 27. If the load resistance is mismatched, as
in the case of the single transmission line system, pulses are contin-
uously reflected in the lines, resulting in a train of successive pulses
of decreasing amplitude across the resistor, as shown in Fig. 7.
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Schematic of Blumlein line and
typical output waveforms.

Fig. 7.

Inductive Energy Storage System

It is apparent, from the circuit point of view, that the dual circuits
of all of the capacitive energy storage systems are the inductive en-
ergy storage systems. Therefore the circuits described in this section
are the duals of previously described capacitive systems. Of partic-
ular interest are the dual circuits of the LC generator and Blumlein
line, which are not well know but have features just as interesting as
their counterparts.

Lumped Inductor System

A typical inductive energy storage system employing a lumped
inductor, as shown in Fig. 8, is the exact dual of the RLC capacitive
system circuit shown in Fig. 2. The most successful application of
such a system is found in the induction coil system of the automo-
bile engine. The inductor is initially current charged to Iy to store
an inductive energy of 11 in the inductor. Then the current is
interrupted at t = 0 by the opening switch S, resulting in a sudden
release of the stored inductive energy into the resistive load. The
governing equation and solutions are the duals of Eqgs. (1), (2), (3),
and (4).
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a) For a > wp (overdamped)
i(1) = alp(a® — W)~ Y2t sinh(a? ~ w2)H (10)
o(t) = Ri(t). (11)
b) For a = wy (critical damping)
i(t) = 2alpte™™, (12)
v(t) = Ri(t). (13)
¢} For a < wg (underdamping)
i(t) = 2(3}—/96_(” sin wqt (14)
wd
v(t) = Ri(t), (15)

where a = L/2R,wo = (LC)™ Y2, and wy = (W — o®)Y2. Further-

more, the duals of other results such as the peak amplitude, the
risetime, and the plots of output waveforms for the RLC circuits

equally apply.

Fig. 8. Schematic of lumped inductor system.

Current Charged Transmission Line

As a transmission line counterpart of the lumped inductor system
or the dual system of the voltage charged transmission line, the cur-
rent charged transmission line system,? shown in Fig. 9, is a logical
choice for the production of high power square pulses. The resulting
output waveforms are the duals of the voltage charged transmission

line system.
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Schematic of current charged transmission
line and typical waveforms.

Fig. 9.

Dual of L.C Generator
The dual circuit of the LC generator is shown in Fig. 10. Similar
(dual) advantages of this system over the single inductor system are
found, just as in the capacitive counterpart system. The output
current is twice that of the single inductor system, and the switch
L L

Fig. 10. Schematic of dual of LC generator
and typical output waveforms.
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is conveniently located away from the load. Again, the governing
equation and solutions are the duals of those of the LC generator.

Ld* d*v

1 dv v
AT Sl R - 1
R di3 dt? * RCdt  LC 0 (16)
. Iow(z, Bt ’ a-—-08 . ot
i(t) = m e 7 (coswt + sinwt) — e (17)

v(t) = Ri(t) (18)

where r = —R/(6CL%) — 8R3/(27L%), q = 1/(3LC) — 4R?/(9L?),
d=¢+r% a=[r+d VB [r-dV/ ) PLoR/L, 8 = %[r—d1/2]1/3—~
ir+ AV L 9R/L, and w =322 [r - dV/P3 Y [r4+dV/21/3

Dual of Blumlein Line

The dual circuit of the Blumlein line system, as shown in Fig.
11, is another system of particular interest. Note that the value
of matched resistive load is a half of the characteristic impedance
of the transmission lines, R = Zy/2. The output waveforms are the
duals of those of the Blumlein system, and have similar features, such
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Fig. 11. Schematic of dual of Blunlein line.
and typical output waveforms.

as output current equal to the charging current Iy (which is twice
that of the single current charged line system), and switch location
conveniently placed at one end of the transmission line.

Conclusions

We have summarized the results of a comprehensive analysis of
basic pulsed power systems: two lumped capacitive energy storage
systems, their transmission line counterparts, two lumped inductive
energy storage systems which are the duals of the lumped capacitive
systems, and two transmission line inductive energy storage system
which are the duals of the capacitive transmission line systems. We
proposed two new inductive energy systems, the duals of the LC
generator and Blumlein system, which have inlerently interesting
features.
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