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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 nlumlein 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 CC 
generator, are described in terms of circuit theory; their counter- 
parts in transmission line systems, voltage charged transmission line 
and I%lumlein line, are described by transmission line theory. The 
inductive energy storage systems arc duals of the above mentioned 
capacitive cncrgy 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 simil<ar 
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 relabively 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 schematirally represented by a series 

RLC circuit as shown in Fig. 2. By closing the switch S at t = 0, 
the energy stored initially in the capacitor Ii = fCV: is released to 
the resistive load. The governing equation is a second order linear 
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Fig. 2. Schematic of lumprd capacitor system. 

differential equation: 

There are three solutions of output waveforms with cy = R/2L, and 
U’O = (LC)‘F 

a) For CI > UQ (overdamped) 

V(t) = aV,/(a’ - t~~)-‘~~e-~~ sinh(n* - u$j)“*t, (2) 

i(l) = v(t)/R 

b) For LY = 2un (critical damping) 

(3) 

b’(t) = 2aVFtemat, i(t) = V(t)/R. 

c) For a < uq, (underdamped), with WLU~ = (w; - o’)‘/~ 

(4) 

V(t) = 2cul/o/u~de-” * Sinwdt, i(t) = I’(t)/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. v4.0 
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Fig, 3. Typical output voltage waveforms of RLC circuit 
showing overdamped (R = loo), critical damping 
(R = 2Q), and underdamped (R = 10) cases. 

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

Table I. Risetime t, and peak amplitude VP of 
output voltage of LCR circuit, where Q = R/2L, 

WAJ = (Lc)-‘12,w = (02 - w;)‘/2 ,Wd = (w; - d)l/‘. 

Damping condition Risetime t, Peak amplitude up 

Overdamped (Y > ?un $ tanh-’ t 2?(E)% 

Critical (x = wn 1 LYil 
a 

Underdamped cy < 1uo $ tan-’ y 
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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 I/o and switched to the load resistance, 
R, which is matched to the characteristic impedance of the transmis- 
sion line Z,. The output is a square wave of voltage Vo/2, current 
Vo/ZZ,,, and pulse duration 27 = 2C/v, where .!Y is the length of the 
transmission line and z, 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 27 with gradually decreasing 
amplitude. The decay rate and polarity depend upon the ratio R/Z0 
displaying a resemblance to those of RLC circuits; three typical cases 
are shown in Fig. 4. 

..--------1- 

Fig. 4. Schematic of voltage charged transmission 
line and typical output waveforms. 

LC Generator 
The LC gencrat,or 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 ii nclarly twice that obtained from the simple capac- 
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Fig. 5. Schematic of 1,C grnerator. 

itor system. The circuit is represent.cd by a third order differential 
equation, 

(6) 

With appropriate initial conditions, i(0) = O.&/&(O) = 0, and 
d2i/dtZ(0) = !&/[1<K’), the solution is found to be 

c;+d;l L’(l) = (a _ Q2 + ,&2 1 c r+ a-P. coswt + - SlIl tit 
w > 

- LP(7) 

i(l) = v(t)/R (8) 

where I‘ = -l/(6RLr2) - 8 (27R3C3), q = l/(%X’) -4/(9R2C2). 
d = q” + P, 0 = [r + d’/y/3 - [r - P]ll3 + 2/(3K), ,g = 

1/2[? + d’/2]‘/3 - 1/2[r - #/2]1/.7 - 2/(3X’), and u) = 3’/*/2 { [r + 
d’/2]‘/“-[T--l/2]1/3). J’, ,, ); .’ w v2 I L\,or of this solution depends largely 
upoil thr I)ar;lmrt<‘rs, R, L, and (1; 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 gcncrator in trans- 

mission line systems. Two identical transmission lines arc 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 V’ and one end of the line is shorted by the switch S at t = 0 , 
resulting in a pulse negative V, which propagate along the line to- 
wards the load resistor. In a time T = e/v this pulse arrives at the 
midpoint; at this point the impedance seen by the pulse is the sum 
of R = 220 and Zo. It is straightforward to show that a fVo pulse is 
reflected back and a pulse Vo appears across the load resistor R, and 
a pulse -iVo is transmitted to the other section of the line. Both 
reflected aid transmitted pulses are reflected again by the shorted 
and open ends of the lines respectively, and return to the midpoint in 
time 2r? canceling the initial charging voltage along the entire trans- 
mission line. Thus the output voltage across the load resistance is IT, 
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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Fig. 7. Schematic of Blumleiu line and 
typical output wavclforms. 

Intlllctive Enrrgy 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 cn- 
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, tihich are not well know but have features just as interesting a~ 
their counterparts. 

Lumped Inductor System 
h 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 successlul application of 
such a system is found in the induction coil system of the automo- 
bjlc engine. The inductor is initially current chargrd to lo to store 
an inductive energy of $Llt in the inductor. Then the current is 
int.crrupted 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 Eqs. (l), (2), (3), 
and (4). 
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a) For a > wg (ovrrdamped) 

i(f) = or,(n* - ~,~)-“~,-~~sinl~(cu2 -L.&w (10) 

v(f) = Ri(t). 

b) For (Y = wn (critical damping) 

iit) = 2al”lr-“t, 

v(t) = R(t). 

c) For a < wn (underdamping) 

i(t) = =e-,, sin WJ 
Wd 

v(t) = Hi(t), 

whore (I = L/211,;,, = (LC)-‘iz, and rjd = (w; 

(12) 

(13) 

(14) 

(151 

c#/‘. Further- 
more, the duals of other results mch 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 clrarged transmission line system: ’ sl~own in Fig. 9. is a logical 
choice for the production of higll power square pulses. The resulting 
output waveforms are i,hc: duals of 111~ voltage charged transmission 
line systm 
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l’ig. 9. Sclrcmat ic of currt>rnt ch,crgr4 transmission 
line and typical waveforms. 

rhd 0f I,(‘ Cenrrato~ 
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 tire capacitive counterpart system. The output 
current is twice that of the sillglr irrtluctor system, and the switclr 

L L 

is conveniently located away from the load. Again, the governing 
equation and solutions are the duals of those of the LC generator. 

(16) 

i(l) = IO4 
1 

a--l3. 
(~ _ 8)2 + 32 ewPt(cosdt + 7 smwl) - e-O2 1 (17) 

v(t) = Ri(f) (18) 
where 1‘ = -R/(GCL*) - 8R3/(2~~3), 4 = 1/(3~C) -‘4R2/(gLZ), 
d = q3+r2, cy = [r+rl'/2]1/3-[r-dl/2]1/3+2~/~, ,o = ~[,-~1/2]1/3- 

;[T t d1/2]1/3 + ZRJL, and in = 3’i2/2 [r - &/*]1/3 + [r + &/2]1/3 

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 = Zn/2. The output waveforms are the 
duals of those of the Blumlein systcrn, and have similar features, such 

Fig, 11. Sr]Lcrllat.ic of dual of Illumlc~in lim. 
irn,j typic;>1 <>,,t put !\~;~~c~f~rlUS. 

as output current rqrral to tllc charging current 10 (which is twicr 
that of the single current charged line system), and switch location 
conveniently placed at one end of the transnrission line. 

Conclusions 

\Ve 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 inherently interesting 
features. 
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F’ig. 10. Schematic of dual of Lt’ generator 
and typical output ~~:avr~forms. 
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