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CHAPTER I 
INTRODUCTION 

Much of the technology for pulse generation was developed in 
the early days of radar. In recent years, however, many more appli
cations such as lasers and linear accelerators have created a new 
demand for pulse power. The basic circuit has remained a simple 
three-component structure—an energy source, such as a capacitor 
or inductor, is switched to a load such as a magnetron or laser. The 
new applications have pushed the demand for higher average 
powers, and higher energy levels. It is also desired to perform the 
discharge repetitively for very long periods of time. This demand 
has fueled the development of new capacitors with higher energy 
density and new switches capable of delivering increasing amounts 
of power. 

Coincident with this development has been the difficult task 
of testing and verifying the performance of pulse power compo
nents. To meet the demand, it has become an industry practice to 
push the technology to the limit and even beyond that recom
mended by the manufacturers. Testing is needed to determine the 
lifetime and reliability of these components so that maintenance 
schedules can be planned. In most cases, the most critical compo
nent of this technology is the closing switch through which the en
ergy must flow. This switch may be a gas tube (such as a hydrogen 
thyratron), a spark gap, or a solid state device (such as a thyristor). 
New switches are holding off higher voltages and conducting higher 
currents as the applications reach into the megawatt average power 
level. 

The two main parameters of interest in a closing switch test 
are the maximum blocking voltage and the switched currents. 
There are other parameters that can be measured, such as the for
ward voltage drop during conduction and the leakage current in the 
off state, which give some idea of the dissipation of the device. The 
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device is usually tested until a failure occurs or until some 
benchmark is reached. In some cases, an accelerated test is used 
where the repetition rate is increased from the normal operating 
conditions. For example, a device that is to operate for a year at 
100 Hz may be tested at 10 kHz in less than a week. In this man
ner, several lifetime data points may be accumulated over a short 
period of time allowing the manufacturer to change the design of 
the switch for longer life. However, accelerated testing criteria is 
often based on broad assumptions and can lead to erroneous results. 

One approach to switch testing has been to operate the de
vice under test in the actual end user circuit. A typical case is 
shown in Fig. 1-1. A pulse forming network (PFN) is charged to the 
blocking voltage of the device under test. The impedance of the 
PFN is such that the peak current during discharge will not exceed 
the device forward current rating. The energy stored in the PFN is 
dissipated in a dummy load which is often matched to the PFN 
impedance. This method of testing offers the advantage of operat
ing the device under "typical application" conditions. However, 
considerable power and money is lost in the dummy load. This is 
best shown in the following example. 

It is desired to perform a lifetime test for a thyratron with 
the following specifications. 

Forward current = ib = 5 kA 
Hold-off voltage = epy = 20 kV 
Forward voltage drop = eon = 200V 
Conduction Time = tp = 10 |is 
Turn-on Time = tf = 20 ns 
Pulse Repetition Frequency = PRF = 1000 pps. 

These specifications correspond to a thyratron used in mod
erate power applications. The total power suppled to the test stand 
will be the sum of the thyratron dissipation and the dummy load 
dissipation. There will be additional power dissipation in the 
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Circuit from the capacitor losses (ESR) and the skin effect losses, 
but these losses will be ignored for this example. The average 
dummy load power dissipation is given as 

where d = duty cycle = tp*PRF. 

The tube dissipation will include the on-state losses, the switching 
losses, and the off-state losses. The leakage current which con
tributes the off-state losses is low enough in this example to neglect 
the off-state dissipation. Therefore, the average power dissipated 
in the thyratron is derived as 

Pdut= {ib)(eon){tp) + (^)(epy)(ib)(tf)](PRF). (1-2) 

It follows that the total power is then 

Pd= Plead •'•Pdut- (1-3) 

Using the data given above, the load power may be determined as 

p ^(20 kV)(5kA)(0.01) ^_^^ 

Pload=500 kW. (1-5) 

From Eq. 1-2 the average tube power dissipation is 

Pdut=(5 kA)(200 V)(10 îsXlOOO Hz) 
+ ^ - ( 2 0 kV)(5 kA)(20 ns)(1000 Hz) 

15 

Pdut=10.5kW. (1-7) 
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Therefore, from Eq. 1-3 the total average power delivered to the 
test stand is 

Pd = 500+10.5 = 510.5 kW. (1-8) 

To verify the lifetime of this tube, it is required to operate the test 
for 1010 shots which corresponds to a 3000-hour test. Based on a 
rate of 8 <t/kW-hour, the total cost for the energy alone for this life
time test will be 

Cost=(510.5 kW)(3000 hr)(0.08 <^/kWhr)=$ 122,520 . (1-9) 

The cost of this test greatly exceeds the cost of the tube which is 
approximately $10,000. A closer look at this example would indi
cate that nearly all of the power is dissipated in the dummy load 
which dramatically decreases the efficiency of the test procedure. 
It is therefore required to develop a new technique to reduce the 
cost switch testing. 

A solution to this problem may be to perform an "artificial" 
test. This technique was used as early as in the 1930's to test 
power machinery. The idea is to simulate the same testing 
conditions in a component (i.e., current and voltage) without 
dissipating the energy in a load. The power supplied to the test 
stand is limited to that dissipated by the component under test. 

This concept has been applied to the testing of thyratrons. 
The Transformer Feedback Circuit (Fig. 1-2) is one such case. 
During discharge, the transformer will multiply the load current 
which is fed back through the device under test. With this tech
nique, the switch is used as a larger portion of the circuit load so 
that the test efficiency is increased. The upper limit of testing effi
ciency is limited by the dissipative element, R, which is needed for 
proper loading. 

A variation of the feedback idea was recently developed 
[Hitchcock, 1988]. In this circuit, given in Fig. 1-3, switch SI 
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and /or S2 may be tested. Notice that there is no dissipative 
element. Switch SI is tested during the resonant charge of 
capacitor C2. After switch S2 is closed, the energy stored in C2 is 
fed back through the pulse transformer to charge the DC supply 
capacitor C1. Efficiency of this system may be high, but the timing 
the circuit are operated at the same power level as the device 
under test which results in high cost and low reliability. 

Another "loss free" test circuit (Pirrie, 1988] is shown in Fig. 
1-4. Two separate networks are used to provide the energies for 
the turn-on dissipation and the on-state dissipation. A high-voltage 
circuit composed of L2, C2, and RL serves as the blocking voltage 
test of the thyratron and discharges during the turn-on of the 
device under test. This network also provides a high di/dt pulse to 
test the tube under fast turn-on conditions. The low-voltage 
circuit, isolated by diode Dl , provides the forward current pulse 
when the device under test is conducting. Any dissipation in RL is 
minimal since the pulse width of the fast discharge is very small 
compared the pulse width of the low-voltage circuit. Energy stored 
in C2 is nearly equal to the turn-on losses of the switch under test. 
The circuit offers the advantages of "agony reduction" and allows a 
very high power tube to be tested with low power components. 
This "cheater" circuit works very efficiently for high-voltage 
thyratron testing but, it is difficult to apply this circuit to the 
testing of low-voltage/high-current devices, such as thyristors, 
because of their very low on-state impedance. 

It is the goal of this research to extend the Pirrie circuit to 
the testing of all switches; especially low-voltage devices. An effort 
has also been made to improve the pulse shape and increase the 
di /dt so that the testing conditions better simulate pulse applica
tions. In a very efficient test circuit, the dominant loading will be 
limited to the device under test. Therefore, the first task is to un
derstand the dynamic characteristics of the switch under test. 
Then, a complete analysis of the Pirrie circuit is performed. The 
results are the new circuit shown in Fig. 1-5. The effect of stray 



9 9 

o.i 

L.V. Supply 
& 

Charging 
Network 

LI 

- C I N 

L2 

D.U.T. < 

" C 2 

>RL 

H.V. Supply 
&. 

Charging 
Network 

Fig. 1-4. High efficiency Pirrie circuit for low loss 
testing of high-voltage switches. 



10 0 

High 
Voltage 0" 

3 Device 
Under 
Test 

High-Voltage 
Network 

^̂ W-̂  
PFN 

Low-Voltage 
Network 

1:10 
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elements and circuit losses are included in a closed form solution 
for the design. The low-voltage network is modified to a PFN 
coupled to the device under test with a step down transformer. 
The PFN provides a more defined pulse shape for the test. Several 
L-C sections are added to the high-voltage network to increase 
di/dt. This new derivative has been optimized specifically for low-
voltage switches but will perform equally well at any voltage level. 

Components for the test circuit are discussed in detail in 
Chapter II. This section presents the characteristics and modeling 
of high power switches. Transient R-L-C networks and pulse 
forming networks are given in Chapter III. In Chapter IV, network 
theory is used to develop the low loss circuit. The design of the 
new low loss circuit is approached from two basic concepts: 1) 
impedance matching and 2) energy matching. An evaluation of 
each technique is given. Conclusions of the research and 
recommendations for further work are given in Chapter V. 



CHAPTER II 
SWITCHES AND COMPONENTS FOR THE 

TEST CIRCUIT 

The switch under test in the low loss circuit must not only 
serve as the transfer mechanism of the stored energy, but also as 
the principal load. A very accurate and precise equivalent circuit 
for the switch is required so that the low loss circuit can be 
designed. Likewise, energy storage component, the capacitor, 
must also be modeled accurately so that the losses and parasitic 
effects may be incorporated into the design. The capacitor 
modeling will be combined with circuit theory to develop the 
construction and layout to the low loss circuit. 

High-Power Switches 
Any component which changes from a high resistance to a 

low resistance (or vice versa) is generally regarded as a switch. It is 
therefore considered as a non-linear device. Switches may be self 
closing or may be triggered by external excitation. The low loss 
circuit will typically be applied to gated type switches such as 
thyratrons and thyristors, as these are the only devices capable of 
transferring large amounts of energy for extended periods of time. 
Both switches have similar behavior but have different realms of 
operation. 

General Switching Characteristics 
Several terms are used throughout this thesis to describe 

component and circuit parameters. These terms, along with the 
corresponding symbol and definition, are given in Table 2 -1 . 
Graphically, the terms correspond to the anode current and voltage 
waveforms illustrated in Fig. 2-1. These waveforms are typical of 

12 
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Table 2-1. The terms and symbols for switching 
characteristics. 

Parameter 
Peak Forward Anode Voltage 

Anode Pulse Current 
On-StateVoltage Drop 

Leakage Current 
Conduction Time 

Off Time 
Anode Fall Time (Turn-on) 

Recovery Time 
Pulse Repetition Frequency 

S3rmbol 
epy 
ib 

eon 
ioff 
ton 

toff 
tf 
tR 

PRF 



14 

/ 

' b 

on 

i 

Voltage 

Current 

on 
•R 

off 

Fig. 2-1. Typical waveforms for a power switching de
vice. 



15 
both thyristors and thyratron so the symbols given in Table 2-1 will 
apply to both tj^es of switches. 

Losses in a switch are broken down into the on-state losses, 
the off-state losses and the switching losses. The equations for 
switch losses are determined from the graphs in Fig. 2-1. The off-
state losses are given in Eq. 2-1 as the product of the leakage 
current and the hold-off voltage. 

Poff=(ioff)(epy). (2-1) 

The total energy that is dissipated in the off-state, Woff, is easily 
found by integrating the power in Eq. 2-1 over the duration of the 
off-state. 

/•toff 
Woff= Pofl(t)dt (2-2) 

Jo 

Woff=(ioff)(epy)(toff). (2-3) 

In a similar manner, the on-state power loss, Pon» is found from the 
forward current and the conduction voltage drop. This power is 
given below as 

Pon=(ib)(eon). (2-4) 

Again, the energy dissipated is found by integrating the on-state 
power over the conduction time. 

/•tp 
Won= Pon(t)dt (2-5) 

;o 

Won=(ib)(eon)(tp). (2-6) 
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The power dissipation during switching requires a more involved 
derivation. Equations for the voltage and current during a turn-on 
cycle must first be determined. Previous work has described the 
behavior during commutation in terms of exponential waveforms 
[Friedman, et al., 1978], or in terms of linear rise and fall 
waveforms [Hoft, 1986). For this investigation, the anode voltage 
during switching, eaf(t), is approximated simply as a parabolic 
waveform (Fig. 2-1). An equation that has shown close agreement 
with this behavior is given as 

eaf(t)=epy -lii (2-7) 

In a similar manner, the current rise, iar» is approximated as a 

parabolic waveform as 

iar(t) = ib(^f. (2-8) 

These two equations are multiplied to give the power dissipation 
during this cycle. 

swon (t) = (eaf(t))(iar(t)) (2-9) 

Pswon(t) = (epy)(ib) '-fei fe) (2-10) 

To find the total energy dissipated during turn-on, the power is in

tegrated over the anode fall time. 
•tf 

Wswon=l Pswon(t)dt (2-11) 
• / 

Integration of Eq. 2-11 will give 

Wswon = (epy)(ib) H 
3t? 5tt 

tf 

0 
(2-13) 
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Evaluating Eq. 2-23 gives 

Wswon=(epy)(ib)(tf)[^-^] (2-14) 

which is simplified to give 

Wswon=(^)(epy)(ib)(tf). (2-15) 

The same approach may be used to find the energy dissipation 
during the turn-off cycle. The equations will be very similar except 
tha t the recovery time, tR, is used. The result is given as 

Wswoff=(^)(epy)(ib)(tR). (2-16) 

If the recovery time equals the anode fall time, then both switching 

losses will be equivalent. Combining Eqs. 2-15 and 2-16 will then 

give 

Wsw=(^)(epy)(ib)(tf). (2-17) 

The total energy loss from one switching cycle can now be com

bined with Eqs. 2-3, 2-6, and 2-17. The total energy dissipated is 

t hen 

Wioss=(^)(epy)(ib)(tf)+(ioff)(epy)(toff)+(ib)(eon)(tp). (2-18) 

Multiplying Eq. 2-18 by the frequency will give the average power 

dissipated in the switch. 

Ploss=(PRF)[(^)(epy)(ib)(tf)+(ioff)(epy)(toff)+(ib)(eon)(tp) . (2-19) 

The loss figure given in Eq. 2-19 is the source for the switch heat

ing. The equations derived above are useful in determining the 
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cooling requirements for a high-power switch. For high rep-rate 
operation, the off-time must be decreased. Under these conditions, 
the switching losses (from Eq. 2-17) begin to dominate the total 
power loss. The resulting increase in heating will generally lead to 
shorter switch life. 

It is convenient to describe the switch dissipation in terms of 
a resistive element. A switch resistance term is needed to 
characterize the loading of the low loss circuit. In the on-state and 
off-state conditions, the switch resistance is assumed to be static; 
that is the voltages and currents are relatively constant. The off-
state resistance, Roff, is defined as 

Roff= 
_^py 

loff 
(2-20) 

From the forward conduction drop and the anode current, the on-
state resistance, Ron» is defined as 

o n — : — • 
lb 

(2-21) 

The impedance during a switch phase will be dynamic. During 
commutation, this time varying impedance is generally regarded as 
resistive [Friedman, et al.j. The voltage (Eq. 2-7) is divided by the 
current (Eq. 2-8), to determine the switch-on resistance as 

R swon iar(t) 
(2-22) 

Rswon(t)-
py -fef, 
<r (2-23) 

DV 
l^swon(^)~~; 

lb !?) -' t<tf. (2-24) 
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The reactive component of the time-varying impedance during 
commutation is ignored. The capacitance and inductance of the 
switch is static and is considered only for the on-state and off-state. 

The equations for resistance and energy loss may be com
bined with the physical layout of the switch to form an equivalent 
circuit model. A typical switch model is shown in Fig. 2-2. The 
resistances Roff and Ron are determined from Eqs. 2-20 and 2-21, 
respectively. Capacitance, Cs, may be derived from the energy 
stored in the switch during turn-off. The capacitance, along with 
other physical properties, will affect the abihty of the switch to 
recover after conduction. In the case of a th)n-istor, diffusion 
currents in this capacitance may cause triggering. The inductance, 
Ls, is dependent on the dimensions of the switch such as the 
length and area of conduction. 

Gas Switches 
Many regard the th3n:atron as the primary workhorse of the 

radar industry [Burkes, 1987, Glasoe and Lebacqz, 1948]. The 
thjnratron offers the versatility of long life at very high average pow
ers in short pulse modulators. Thyratrons operate in a soft vacuum 
with a gas medium such as hydrogen, deuterium, or mercury vapor. 
The tube envelope may be constructed of glass, ceramic, or metal. 
High switching gain is achieved by operating the thyratron at 
pressures and electrode spacings at and below the Paschen 
minimum of the conduction medium [Fogel'son, et al., 1974, 
Germeshausen, et al., 1953-1957]. 

The thyratron is described as a gated diode. Unidirectional 
conduction (from anode to cathode) begins after a critical anode 
current is exceeded. A cross section diagram is given in Fig. 2-3. A 
graph for the Paschen curve is depicted in Fig. 2-4 to show the 
operating regions for the thyratron. The hot cathode provides the 
source of electrons. In the off-state, a negative potential at the grid 
retards the flow of current and forces the electrons to gather in a 
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"cloud" at the cathode. Conduction is triggered by removing the 
negative potential, or applying a slightly positive potential, at the 
grid. As electrons are accelerated in the positive field towards the 
anode, they collide with the hydrogen molecules creating an 
ionized column of gas. The grid quickly loses control as the ion 
sheath forms around the grid. The switch will latch and remain on 
until the current decreases below a holding level. The switch will 
recover to the blocking state after the gas has deionized and the 
charge density has returned to a low value [EEV, 1972]. 

Other components are added to the thyratron to improve re
liability and lifetime. A baffle grid is included in the thyratron con
struction to impede the path of the electrons before triggering by 
limiting the penetration of the anode field into the grid/cathode 
region. The baffle grid, however, will slow the turn-on of the 
switch. One lifetime limiting mechanism is gas cleanup. The 
cleanup is caused by chemical combination of the gas with other 
substances in the tube. To replenish the gas, a gas reservoir is 
incorporated. Hydrogen is an attractive medium because of the 
availability of a simple reservoir—titanium hydride. This material 
will behave like a hydrogen "sponge." Heating the titanium will 
emit hydrogen molecules to fill the tube. When the heater is 
turned off, the tube will cool and the reservoir will soak up the 
hydrogen. Several thousand tube volumes may be stored in one 
reservoir to replenish the gas absorbed during operation. 

There have been many variations to the basic thyratron for 
laser applications [McDuff, 1987, Burkes, 1987]. A new gas switch, 
the back lighted thyratron (BLT), has been introduced and is 
depicted in Fig. 2-5. The BLT is a gridless thyratron which is 
switched with a light impulse. This device is a symmetric hollow 
anode/hol low cathode s t ruc ture which allows for reverse 
conduction. The hollow cathode provides the source of the elec
trons and allows the switch to be operated "cold" without using a 
thermionic emitter. Very high-current densities (10 kA/cm^) with 
low electrode erosion have been demonstrated in the BLT 
[Hartmen, et al., 1988]. 
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Fig. 2-5. Cross section of a Back Lighted Thyratron. 
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Solid State Switches 

Power semiconductor devices include transistors and thyris
tors but only the latter has found use in the megawatt power range. 
Thyristors are more widely used, particularly for rectifier and 
inverter applications [Hoft, 1986]. Thyristors have been operated 
in high di /dt conditions indicating that they may be used for pulse 
power applications [Hudgins, 1985]. Thyristors offer the advantage 
of long life, and low power loss as well as the small size and low 
weight. 

The switching characteristics of the thyristor closely resem
ble the thyratron. The thyristor is a p-n-p-n structure (Fig. 2-6) 
and is switched to the on-state by a trigger current at the gate. 
Thyristor operation is best described by examining the equivalent 
two transistor model illustrated in Fig. 2-7. Switching is achieved 
with a regenerative feedback process. The gate current drives the 
n-p-n transistor into saturation which then turns on the p-n-p 
transistor. The collector current of the p-n-p then drives the base 
of the n-p-n which then pulls more current from the base of the 
p-n-p and so on. When this regenerative feedback is achieved, all 
control is lost at the gate of the device. Like the thyratron, the 
device will not turn off until the forward conduction falls below the 
anode holding current. The device will also turn on if the break 
down voltage is exceeded or if the rate of rise of applied forward 
voltage (dv/dt) is too great. A thyristor is also sensitive to the rate 
of rise of forward current and may be damaged if the di/dt rating is 
exceeded [Hoft, 1986). 

Many variations of the thjnristor are available [Burkes, 1987]. 
The basic structure is the silicon controlled rectifier (SCR). Other 
t5T)es include the reverse blocking diode thyristor (RBDT) which is 
a two-terminal device that is switched by ramping the anode 
voltage with sufficient dv/dt to cause avalanche. Turn-off varieties 
include gate-assisted turn-off (GATO) and gate turn-off (GTO) 
thyristors. Light triggered and laser triggered devices (LASS) are 
currently under development. 
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Fig. 2-7. Two-transistor model of the thyristor. 
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Comparison of Thyristors and Thyratrons 
Both gas and semiconductor switches may be used for pulse 

power applications. The contrasting switching characteristics of 
these devices, however, prevent the replacement of one device for 
the other. Thyratrons are capable of switching much faster than 
thyristors. This advantage allows for higher di/dt ratings for the 
thyratron (> l O H A/s). By comparison, high di /dt thyristors 
employing an interdigitated gate structure may switch only 10^ A/s. 
Blocking voltages of thyratrons are considerably higher than 
thjnristors. Thyristors may be operated in a stack formation for 
high-voltage operation, but the forward voltage drop of such an 
ar rangement operated for short pulse durat ions would be 
considerably higher than that of a thyratron. It is also difficult to 
trigger a stack formation of thyristors. Thyristors are best suited, 
however, for high-current, long pulse applications. Conduction of 
large currents in a thyratron longer than 100 |is is rare where 
thyristors easily conduct millisecond pulses without excessive 

anode heating. 
The different operating characteristics of these devices re

quire different testing conditions. Therefore, a test stand for the 
thyratron will have a different configuration than a thjnristor test 
stand. The approach of the research has been to apply the low loss 
testing to both types of switches and to develop both test stand 
configurations. 

Capacitors fnr Pulse Dntv Applications 
A capacitor is two conductors separated by an insulator or di

electric. Energy is stored in the electric field between the two 
conductors. The capacitance, in farads, is defined as the raUo of 
the stored charge to the terminal voltage [Kraus, 1984] and is given 

as 

=9 . (2-25) C=f 
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The formula may be extended to the rate of change of charge to the 
rate of change of voltage. 

C=AQ^dQ/dt (2-26) 
Av dv/dt 

For a parallel plate capacitor, the capacitance will be 

C=h^ farads, (2-27) 
d 

where A = area of the conducting plates 
d = distance between the plates 

eo = dielectric constant = 8.85 x 10" 12 f/m 
£r = relative dielectric constant. 

There are other characteristics that must be considered for 
capacitors applied to pulse power systems. The cause and effect of 
capacitor inductance and losses were investigated to develop a 
model and to base a criteria for component selection. There was 
also an effort to develop circuit layout techniques to reduce the 
stray effects. 

Two different styles of capacitor construction are considered 
in this section. The first is the spirally wound film dielectric 
variety. A cross sectional diagram of this structure is given in Fig. 
2-8. These capacitors are constructed with two long foil sheets 
separated by several layers of film dielectric. The foils are then 
wound on a bobbin to form the capacitor pack. The pack is entirely 
impregnated with oil. The ends of the foil are folded over and 
soldered to form the electrodes. The result is a nested cup 
structure. Several wound packs may be combined in series for 
higher voltage, or in parallel for higher capacitance in one casing. 
Solid dielectric capacitors are the second most common capacitor 
type. The ceramic disk capacitor is a simple example and the cross 
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Fig. 2-8. Cross section of a spirally wound film capaci
tor. 
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sectional drawing is given in Fig. 2-9. Another solid dielectric 
capacitor is constructed with reconstituted mica (Fig. 2-10). Some 
mica capacitors have the similar nested cup configuration whereas 
others are built with a "sandwich" layered structure. 

The tested performance of these capacitors is available from 
extensive previous work [Parker, 1977 to 1980, McDuff, 1987]. 
This data base has been used to generate the models for capacitors 
used in this study. 

Inductive Characteristics 
A series inductance is a characteristic of all components. In 

capacitors value of this inductance may vary from 10 nH to 1 }iH, 
depending on the geometry and construction. The inductance will 
limit the rate of rise of current that can be extracted from a pulse 
capacitor. The addition of this inductance will also cause unwanted 
oscillations in the circuit. It is therefore important to consider this 
parameter when selecting capacitors for a fast discharge circuit. 

The value of the series inductance may be calculated or mea
sured. Data from previous measurements have shown a close cor
relation to the calculated values [McDuff, 1987]. Measured values 
are more easily obtained and are therefore preferred for this inves
tigation. The series inductances cannot be accurately measured in 
all cases with a simple bridge technique. An alternate approach is 
to use a high-frequency vector impedance bridge (Fig. 2-11). The 
capacitor under test is wired across the R-F probe and the 
frequencies from the instrument are changed until the phase angle 
measuremen t is zero. This measurement corresponds to 
theresonant frequency of the L-C network formed by the equivalent 
series inductance and the capacitor. The lumped impedance of 
this combination is 

ZfjCD)=ja}L+^- (2-28) 
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which is simplified to give 

Z(jco)=j 
LC 

(2-29) 

Therefore, at resonance the above equation will equal zero and the 
inductance may be determined from the driving frequency and the 
capacitance. The equation reduces to 

co^C 
(2-30) 

This technique provides a quick and easy measurement, but the 
accuracy may be affected by stray inductances in the test probe and 
instrument cable. Often, a capacitor will have more than one self 
resonant frequency causing erroneous measurement. Other 
techniques may be used to measure low inductance capacitors. A 
low inductance discharge circuit is the best method for these 
measurements [Hayworth, 1970, McDuff, 1987]. 

Previous data [McDuff, 1987] indicates that the ceramic ca
pacitors have the lowest series inductances (20 - 30 nH). This is to 
be expected because of the simple geometry of the disk construc
tion. The inductance of mica capacitors may be as low as the ce
ramic variety, but there are some designs with inductances as high 
as 100 nH. The same is true of the spirally wound film capacitors. 
Because of the wound construction, high inductances are expected. 
These capacitors, however, may be constructed with inductances as 
low as 30 nH using special winding techniques and pack 
geometries [McDuff, 1987]. 

Losses 
Capacitor losses are attributed by a wide variety causes. 

Resistive losses are the resul t of skin effect, connection 
resistances, and dielectric losses. The skin effect refers to the 
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depth of penetration of high frequency currents in a conductor. 
The skin depth is commonly given [Kraus, 1984] as 

^ = j ^ (2-31) 

where f = frequency (Hz) 
[i = permeability (H/m) 
a = conductivity ( 1 / ^ m). 

The penetration depth into the conductor will be low for high 
frequencies. Under these conditions, the resistance of the foil will 
increase since the cross sectional area of conduction is decreased. 
The harmonics associated with pulse discharges fall in the 
megahertz range. Skin effect losses are therefore considerable 
under pulse duty. Another source of series resistance is the 
method and placement of the internal capacitor connections. 
Ohmic contacts are a leading cause of localized heating and damage 
in capacitors used in pulse circuits. The contact and skin effect 
resistances may be lumped into an equivalent series resistance 
(ESR) term. Measured values of ESR are typically low (< 1 mQ) 
properly designed capacitors operated in fast discharge circuits 
[McDuff 1987]. There is also a parallel resistance associated with 
the case and dielectric leakage. Normally, the parallel resistance is 
large enough to ignore. 

Other effects that are often overlooked are losses resulting 
from acoustic power generation. It is difficult to lump this losses 
into an equivalent resistance. The source of the acoustic noise is 
the electromechanical shock during the pulse discharge [Burkes 
and Sarjeant, 1980]. The resulting vibrations can cause excessive 
metal fatigue and short lifetimes. It is desirable to minimize the 
effect of this mechanical shock so that the forces will not damage 
the capacitor. There is also a human safety consideration to reduce 
the acoustic noise. Mechanical stress and acoustic generation may 
be reduced by using a semi-rigid mounting technique [McDuff, 
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1987]. This technique will allow the capacitor plates to deflect 
without excessive internal stresses. 

Capacitor Modeling 

The lumped elements described above may be combined into 
an equivalent circuit model shown in Fig. 2-12. The dielectric 
resistance, Rp, and the case resistance, Rcase. are usually ignored 
for cases where these resistances are much larger than the 
impedance of the discharge circuit. Typical values of ESR and ESL 
are given in Table 2-2. This data is used with the model for analysis 
with SPICE (a circuit sumulation computer program) for the 
simulation of the test circuit design. 

Reducing the Inductive Effects 
The pulse degradation due to the equivalent series 

inductance (ESL) may be significantly reduced with careful layout 
and mounting of the capacitors in the circuit. These construction 
techniques are necessary when fast discharges are required for low 
impedance circuits. An example of the efl"ects of excess inductance 
is demonstrated the design of an RLC discharge circuit with the 
following specifications 

Initial Charge = V = 10 kV 
Pulse width = t = 20 ns 
Load Impedance = Ri = 50 mQ . 

For the design of a critically damped network, the following 
equations are useful. The duration of the exponential decay of the 
capacitor voltage will be approximately five-time constants, to give 
the relation 

T=5{^]. (2-32) 
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Table 2-2. Typical ESR and ESL values for three 
different pulse duty capacitors. 
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Type ESR ESL 
Spirally Wound Film 0.31 mQ. to 0.65 mQ 25 nH to 175 nH 

Ceramic Disk 1.2 m a to 1.5 mn 20 nH to 40 nH 

Reconstituted- Mica 0.6 mQ to 0.75 mQ 20 nH to 100 nH 
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The condition of critical damping give the relation 

^ = ^ . (2-33) 

The equations are solved for L and C as 

L = ^ (2-34) 

C = % (2-35) 
Rl 

If all of the circuit inductance is contributed by the ESL, then the 
capacitor that is required will have the following parameters. 

ESL=^20ns)(50jnQ)^jOQ (2-36) 
10 

C = i i i 5 M ) = 160nf. (2-37) 
(50 mQr 

The physical realization a capacitor with an ESL of 100 pH is 
difficult. The "ideal" design derived above was modeled with SPICE 
and the output waveform is given in Fig. 2-13. A very high forward 
current (150 kA) is indicated in this graph. The test was repeated 
with an assumed ESL of 20 nH and ESR of 1 mQ. From the output 
(Fig. 2-14), a severe degradation of the pulse is observed. The high 
inductance in the circuit has resulted in an under damped 
response. The pulse width has widened to 180 ns, and there is an 
80% voltage reversal on the storage capacitor. The current 
waveform shows a peak forward current of only 8 kA and a reverse 
current of 7.5 kA. 

This discharge may be improved with the use of clever circuit 
layout techniques. An initial approach is to use several smaller 
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C=160 nf, L=100 pH. 
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capacitors wired in parallel. This idea has the advantage of building 
up a desired capacitance while reducing the net ESL. In Fig. 2-15, 
a network is given with N capacitors that have been arranged in 
parallel. The Ln term is the equivalent series inductance of each 
capacitor, Cn. The value of each capacitor is 1/N of the total ca
pacitance desired. The admittance of an Ln-Cn branch is given as 

sCn-J-
Yb(s) = ^ = ^^n^—. (2-38) 

. sCn + ̂ - s 2 . H - I -
sLn CnLji 

Then, the driving point admittance of the total network may be 
determined from the summation of the branch admittances to give 
the following expression 

N ?!: 
YT(S)=X ^ ^ ^ . (2-39) 

^ n l ^ 

This summation is quickly simplified if all inductances and 
capacitances are assumed to be equal. 

sN 

YT(S)= ^ — . (2-40) 
s 2 + ^ ^ 

^n l^ 

The reciprocal of this expression will give the total network 

impedance. 

L„ 
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Fig. 2-15. N capacitors hooked in parallel. The net
work is equivalent to the series combination 
of NCn and Ln/N. 
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Equation 2-42 indicates that the network of Fig. 2-15 may be con
sidered as one capacitor and one inductor in series. The magni
tude of the ESL has been divided by N. Ideally, for a very large N, 
the effect of the ESL may be eliminated. There is an upper limit, 
however, to this technique. Between each capacitor in the net
work, there will be a small connection inductance. The resulting 
network is shown in Fig. 2-16 and this network will have a much 
different driving point impedance. The Ln-Cn branches will no 
longer be in parallel so the branch admittances cannot be summed 
together. Therefore; the inductance will not be divided by N in this 
case. 

The value of the connection inductance will be dependent 
upon the dimensions of the capacitor. This value was determined 
for several different capacitors by using the following formula 
[Rostek, 1974] 

L,= l ^ ' r ' 
w 

1+^ 
ffj 

(2-42) 

where T = the thickness or radius of the capacitor 
w = capacitor width 
1 = the length of the capacitor 
f = frequency of operation. 

Calculated inductances for four different mica capacitors are given 
in Table 2-3. These capacitors were considered because of the thin 
shape (Fig. 2-17) allowing several to be arranged in parallel. It was 
found that the connection inductance could be reduced by using a 
foil shield around the capacitor. This shield reduces the cross sec
tional area between the top electrode and the ground. Lateral in
ductances for capacitors placed side by side are also calculated. 

A low inductance discharge circuit was designed using the 
data from Table 2-3. The circuit consists of four capacitor "banks." 
Each bank consists of eight 5 nf capacitors. The four banks are 
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Fig. 2-16. N capacitors hooked in parallel with 
a hookup inductance considered. 



47 

w 

i 
T 

Fig. 2-17. Dimensions of the mica capacitors used for 
the capacitor banks. 
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Table 2-3. C a l c u l a t e d v a l u e s for t h e 
connec t ion i nduc t ance between a variety of mica 
capacitors. 

CAPACITOR 
Voltage lOikV 
Capacitance 
• « > W ^ ^ < » l » A < M M K > — • • • • • • • • • • • • • IB^M^JM 

5inF 
Length 3.25iin 
Width 2.24|in 
Th icknes s i. 0.43iin 

»• 
Frequency 5.00E-h07IHz 
Connection Inductance 8.735!nHIWith Shield! 1.345|nH 
Lateral Inductance With Shield! 36.492inH 

I 
• • • • • I 

Voltage lOlkV 
Capacitance 2.55nF 
Length 2Un 
Width 2.14iin 
Th ickness 0.43lin 
Frequency 5.00E-f.07|Hz 
Connection Inductance 5.627[nHlWith Shield I 1.408lnH 
Lateral Inductance With Shield! 34.8631 nH 

-v 

Voltage lOikV 
Capacitance 25inF 
Length 4.5iin 
Width 2 . 7 i n 
Th ickness 0.78an 

5.00E-H07IHZ 
Connection Inductance 18.20linHIWith Shield; 2.024inH 
Lateral Inductance With Shield! 24 .249 

Voltage lOjkV 
lOlnF 

Length 4.5iin 

nH 

Width 2.55iin 
Th ickness 0.45iin 
Frequency 5.00E+07iHz 
Connection Inductance 11.119inHWith Shield 1.236 
Lateral Inductance iWith Shield 39.696 

nH 
nH 
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then connected in parallel around the load (Fig. 2-18). The data 
from the SPICE analysis for this configuration is given in Fig. 2-19. 
The ESR is 1 mQ and the ESL is 20 nH for each capacitor in the 
network. The graph indicates that the discharge is still under 
damped, but the wave shape has improved significantly. The peak 
forward current exceeds 60 kA with a current reversal of 25 kA. 
The rise time of the current pulse is 20 ns and the pulse width has 
decreased to 50 ns. The front edge of this pulse is given in Fig. 
2-20 for closer examination. 
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Fig. 2-18. Top view of a four-bank circuit layout 
arranged around the load. 



51 

Discharge of Low Inductance Layout 

-6000 

-20000 

--40000 

-60000 
0 50 100 150 200 250 300 350 400 

Time (ns) 

e 

i 
u 

Fig. 2-19. SPICE output of the discharge for the low in
ductance layout of Fig. 2-18. Each pack con
sists of eight 5 nf capacitors with an ESL=20 
nH. Between each capacitor there is a 
hookup inductance of 1.34 nH 
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Fig. 2-20. Front edge of the discharge current pulse 
and capacitor voltage from Fig. 2-19. 



CHAPTER III 

NETWORKS FOR THE TEST CIRCUIT 

The tes t circuit tha t h a s been developed consists of two 

separa te networks (Fig. 1-5). The high-voltage, fast discharge 

network consists of a series R-L-C circuit which has been designed 

for critical damping, and mus t discharge during the commutation 

time of the device under test. The low-voltage network is devel

oped from a pulse forming network that is coupled to the device 

under test with a step down transformer. The theory that is ap

plied to the design of these networks follow in this chapter. 

Theory for the High-Voltage Network 
The design of this network is derived from the theory of se

ries R-L-C networks. The transient solution for simple linear net
works is considered first. Then, these solutions are applied to the 
time dependent loading of the switch under test (see Fig. 1-5). 

Circuit Analysis 

The series R-L-C network that is considered is shown in Fig. 

3 -1 . The capacitor is charged to an initial voltage, Vc(0), and the 

initial current, i(0), is assumed to be zero. The solution begins with 

the application of Kirchoff s Voltage Law to give 

V c ( 0 ) = i | i ( t ) d t - H L ^ ^ + Ri(t). (3-1) 

The integro-differential equation is transformed using the method 

of Laplace [O' Neil, 1983] 

Xcl01=J^I(s).HsLI(s) + RI(s). (3-2) 
s sC 

5 3 
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The equation may now be algebraically solved for the transformed 
current I(s) as 

I(s)= 7c(0)/s ,3.3) 
( ^ . S L . R ) 

Simplifying this equation gives 

I(s)=, ^c(0)/L , (3.4) 
g2 +Rs. 

LC 

The remaining task is to transform Eq. 3-4 back to the time do
main. The solution will be dependent on the location of the poles 
for Eq. 3-4. To isolate these poles, the denominator is factored 
with the method of completing the square. 

I(s)=, Vc(Q)/L ^^, (3_5) 

s + R . f + ^ - R ' 
2L/ LC 4L2J 

The poles are the roots of the equation in the denominator. Since 
this equation is second order, only two roots exsist. These roots 
are determined as 

(3-6) 
4L 2 LC 

The term underneath the radical indicates the location of the poles 
for I(s). If this term is negative, then the roots will have an 
imaginary term. Likewise, if the term is positive, then real roots 
will exist. For the special case where the radical term is zero, then 
the two real roots are identical. Therefore, there are three 
different solutions for i(t) which correspond to the location of the 
poles. 
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Case 1: Critically Damped 

For this case, there are two identical real roots. Conditions 
for this solution require the relation 

- ^ - ^ (3-7) 
LC ^T2 4L^ 

or 

R=2Y^. (3-8) 

Substituting Eq. 3-8 in Eq. 3-5 yields 

I ( s ) = ^ ^ ^ . (3-9) 

The time domain solution is obtained with the inverse Laplace 
transform of Eq. 3-9 to give the time dependent current. 

l(t)=Y£Mte-Rt/2L. (3.10) 

It should be noted that for this solution, i(t) is always positive and 
thus there is no reverse current. The current will rise sharply and 
then exponentially decay. The pulse width is approximately five 
time constants. 

Case 2: Over-Damped 
For this case, there are two real poles that are not equal. The 

roots will be real for the condition 

^ < ^ (3-11) 
" - 4L'' 
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or 

R>2J^. (3-12) 

The equation for I(s) reduces to the form 

I(s)= y ; ' / ^ p .. (3-13) 
(s-hPi)(s-hP2) 

The poles Pi and P2 correspond to the roots of Eq. 3-6. By apply

ing the inverse transform, the solution, i(t), is written as 

i(t) = ^.^"^^J Je-Pit-e-P2t]. (3-14) 
L(P2-Pl] 

This solution describes to an exponential rise and decay of the cir
cuit current. 

Case 3: Under-Damped 
There is an oscillatory solution for this case which corre

sponds to the condition 

^ > - ^ (3-15) 
LC 4L2 

or 

R<2J^. (3-16) 

This condition creates a complex pair of poles. The inverse trans
form gives the solution, i(t), as 

i (t) = Y£i01[e-Rt/2Lsin(cot)]. (3-17) 
coL 
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The frequency, co, is defined as 

c o = ^ / J ^ - ^ . (3-18) 
LC 4 L 2 

It is noted from Eq. 3-17 that the current in this case is an expo

nentially decaying sinusoid. 

Application to the High-Voltage Network 

The next step is to examine the solution for the linear L-C 

network into a non-linear load. The high-voltage network mus t 

completely discharge during the turn-on phase of the device under 

test . The principal load of the network is the device under test 

which is rapidly changing from a high impedance to a low 

impedance. The differential equation is now rewritten using the 

switch resistance of Eq. 2-24. 

Ve(0) = ̂ j i ( t ) d t + L ^ + Rswon(t)i(t) (3-19) 

= ^ / V,(0) = i | i ( t ) d t + L ^ ^ ^ ^ ^ - ' P y 
dt ib 

2 
(tfl i ( t ) . (3-20) 

At this point, two procedures can be used to solve Eq. 3-20. One 

method is to derive an analytical solution for the current. The sec

ond procedure, which was used for this investigation, is to ap

proximate the response using computational techniques. One such 

method applies the solut ions derived in the previous section 

(under-damped, over-damped, or critically damped) as the switch 

resistance falls to zero. 

This analysis is required to design the optimal network to 

drive the switch without a current reversal. The switch under test 

may be severely damaged should a current reversal occur. In the 
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case of a thyristor, a current reversal would be fatal. Also, capacitor 
life will be shortened if significant voltage reversals occur during 
discharge. Therefore, a critically damped or over-damped 
response is desired. A critically damped network is preferred 
since the forward current is higher than an over-damped response. 
Excessive stray inductance in the network will force an under-
damped discharge resulting in negative currents. Damping 
resistors may be added to the network to prevent this problem, but 
these resistors should be minimized to prevent excessive loss. The 
method for determining the components for the high-voltage 
network will be discussed in detail in Chapter IV. 

Pulse Forming Networks 
A pulse forming network (PFN) is a lumped equivalent net

work that simulates the characteristics of a transmission line. A 
rectangular pulse shape will be formed when discharging a trans
mission line into a matched load (Fig. 3-2) [Kraus, 1984]. The du
ration of this pulse corresponds to the two-way transmission time 
of the wave front. Therefore, a pulse of moderate duration (10 |is), 
would require an extremely long transmission line due to the rela
tively high wave velocity in the transmission line [Cook, 1975]. To 
generate a longer pulse, an equivalent network composed of induc
tors and capacitors can be derived [Guillemin, 1957]. 

Theory and Derivation 
The design of the PFN's begins with the Type "C" Guillemin 

network (Fig. 3-3) [Glasoe and Lebacqz, 1948]. A Type C network is 
based on the Fourier series expansion of the desired pulse shape 
function. The branch current of each Ln-Cn section contributes a 
harmonic of the Fourier series. If a rectangular current pulse is 
desired (Fig. 3-4), then the pulse shape must be extended to an 
odd periodic waveform so that the derived series will contain only 
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Length 

Transmission Line 
Charging 
Supply Zo=R 

R 

Fig. 3-2 Circuit with a charged transmission line con
nected to a matched load. 
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'N 

N 

Fig. 3-3. The Guillemin Type "C" 
pulse forming network. 
The first section (L i -Ci ) 
form the fundamental and 
the other sections provide 
the upper harmonics. 
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CURRENT 

- ^ ^ 

Fig. 3-4. Desired pulse waveform with odd peri
odic extension. 
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sinusoidal terms. The Fourier series for the time dependent 
current with pulse width, x, and maximum current, Ii, will now 
have the form of 

n=l 

where the bn coefficients are derived as 

_ 4 

oo 

(t) = I i S b n s i n j ^ , (3-21) 

bn=-^ . (3-22) 
nn 

The discharge current in the nth branch of the Type C network is 
represented as 

i „ = V , - / ^ s i n ( ^ ) . (3-23) 

Observing Eq. 3-21 and Eq. 3-23, it is seen that the inductances 
and capacitances of each branch in the Type C network may be 
associated with the coefficients and frequencies of the Fourier 
series. The harmonics of the Fourier series associated with the 
desired waveform can therefore be synthesized with the following 
relations 

V N Y ^ = I l b n (3-24) 

-JL_=^ (3-25) 

to give the Ln values as 

L n = ^ (3-26) 
41i 
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and the Cn values as 

C n = ^ ^ . (3-27) 
n27c^VN 

Subst i tut ing the characteristic impedance, ZQ. for Vjsr/Il, the equa

tions reduce to 

L n = ^ ^ (3-28) 
4 

Cn= ^ ; . (3-29) 
n27t2Zo 

It should be noted tha t the desired waveform (Fig. 3-4) has zero 

rise time. To produce this infinite rate of rise on the front edge of 

the pulse would require an infinite number of Ln-Cn sections in the 

network. There will also be a considerable over-shoot in the lead

ing edge, and trailing edge of the discharge associated with the 

discontinuity of the pulse. A theoretical pulse shape with a finite 

rise and fall time is synthesized more easily. Two such waveforms 

are depicted in Fig. 3-5(a) and Fig. 3-5(b). The rise time is ex

pressed as in terms of the pulse width as ax, where the factor "a" 

typically ranges between 0.1 and 0.5. The Fourier coefficients for 

the trapezoidal wave are derived as 

Wsln(rma)| ,3 .30 , 
n:r\ nrca / 

with corresponding Ln and Cn values 

Ln= , ^f ,, (3-31) 
[sm(n7ta)i 

njia / 

4x |sin(n;ta)l ,3_32) 

n27t2Zo* ™a I 
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CURRENT 

^ 

7 
ax 

(a)-Trapezoidal waveform with odd periodic extension. 

CURRENT 

7 
ax 

(b)-Flat top waveform with parabolic rise and fall. 

Fig. 3-5. Alternative waveforms extended to an 
odd periodic waveform. 
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For the flat top wave with the parabolic rise and fall, the Fourier 
coefficients will be 

^̂  Wsin(n7ca/2)f ,3 ,33, 
nTc n7ia/2 

with the corresponding Ln values as 

Ln= . .^"^ , . (3-34) 
4 

^sin(n7ra/2)\^ 
n7ra/2 

and Cn values as 

C„=^f-(5i2<2IE2iZ2)f. (3.35) 

Networks derived with these values for Ln and Cn have a good 
agreement with the desired pulse shape. It should be noted that 
the convergence of the series will be different for each of the 
waveforms considered. The convergence of the series will have a 
direct correlation to the number of sections that are required for 
the network. For each of the cases above, the order of convergence 
will follow as 

Rectangular wave as — 
1 

Trapezoidal wave as — 

Flat top with parabolic rise and fall as—o". 

It has been found [Glasoe and Lebacqz, 1948] that the harmonics 
with amplitudes less than 2% of the amplitude of the fundamental 
frequency will have no appreciable effect on the desired pulse 
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shape. Therefore, as an engineering practice, the series is not 
extended past this term. Since the coefficients for the harmonics 
of the trapezoidal and the flat top with parabolic rise and fall 
waveforms decay faster, fewer Ln-Cn sections will be needed to 
approximate these pulse shapes. 

The driving point impedance function (in the s domain) is 
easily obtained for a Type C pulse forming network with N sections. 
First, the admittance for the nth branch in the network is obtained 
as 

Yn(s)= ^ . (3-36) 
CnLns2+ 1 

The total admittance of the network is determined by summing the 
admittances of the parallel sections to the Nth term to give 

Y(s)= £ ^ . (3-37) 

This expression may be combined over a common denominator and 
inverted to give the impedance function as 

N 
n CnLns2+l 

Z(s) = - ^ ^ ^^^^'^ • (3-38) 

£ CnS n CnaLnis2+l 
n=l,3.... ni=l,3.... 

m=n is omitted 

Note that the order of the numerator in Z(s) exceeds the order of 
the denominator by one. Several different network topologies may 
be derived through the manipulation of Eq. 3-38. The first two 
variations follow directly from the Foster and Cauer method of 
network synthesis [Van Valkenburg, 1960, Glasoe and Lebacqz, 
1948]. The Foster network is obtained by expanding Z(s) in partial 
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fractions about its poles. The impedance function will now have the 
form of 

Z(s)=%i+ X - ^ ^ ^ + A 2 N S . (3-39) 

The network will realize the form of the Type "A" pulse forming 
network shown in Fig. 3-6 [Glasoe and Lebacqz, 1948]. The com
ponent values of the network are obtained by evaluating the 
residues. An, corresponding to the poles of Eq. 3-38. These 
residues are evaluated with the formula 

An= Mm (s-pn)Z(s), (3-40) 
s-^Pn 

where pn is a pole of Eq. 3-38. 
The capacitor and inductor values follow as 

Ln=An (3-41) 

Cn=f^. (3-42) 
An 

The values for C N and L2N are found more easily by evaluating the 
residues of Eq. 3-37 at s=0 and s=oo to give 

N 

J-=limsY(s)= X r- '3-43) 
L2N s-^oo n=l,3.. . . ^n 

N 
CN=lim^Y(s)= X Cn. (3-44) 

s->0 n=l,3, . . . 

Note that L2N represents the parallel combination of all the 
inductors in the Type C network. The capacitance, C N . in 
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f 
N 

^ 2 ^4 

f̂ f̂ 

'"2N-2 
_/YYVu 

f̂ 
'2N-2 

L2N 

Fig. 3-6. Guillemin Type "A" pulse forming network 
derived with the Foster Theorem. 



70 
Eq. 3-44 represents the total capacitance for the pulse forming 
network. This value may be derived more simply from the energy 
relation as 

Stored Energy=Load Energy. (3-45) 

For a PFN discharged into a matched load, the load voltage will be 
half of the charge voltage. Therefore, assuming that all of the 
stored energy will be transferred to the load, Eq. 3-45 will be 
expressed as 

^ C N ( 2 V L ) 2 = ! Y L . (3.46) 

Solving this expression for the capacitance )aelds 

C N = 2 | - . (3-47) 

The corresponding network inductance is determined from the 
characteristic impedance given as 

ZO = V F ^ - (3-48) 

The inductance, LN, is derived from the combination of Eqs. 3-47 

and 3-48 as 

LN = ̂ . (3-49) 

Equations 3-47 and 3-49 prove to be very useful for PFN design 
[Cook, 1975]. 

The impedance function of Eq. 3-38 may also be expanded to 
a Cauer ladder network. The Cauer method applies a continued 
fractional expansion of the driving point impedance [Van 
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Valkenburg, 1960. Glasoe and Lebacqz, 1948]. The impedance 
function will then take the form of 

Z(s) = zi+ 1 (3-50) 
72+ ^ 

Z3 
y4+-.- + 1 

ZN-r 1 
YN 

The resulting network is the Type "B" pulse forming network 
shown in Fig. 3-7 [Glasoe and Lebacqz, 1948]. 

Three different canonical forms of the pulse forming network 
have now been given. These forms offer the designer the flexibility 
for different component values and network layout variation. It 
should be noted, however, that there is a wide range of capacitance 
values associated with each network. For a 10-section Type A net
work, for example, there will be 10 different capacitors required 
which increases the cost and maintenance of the circuit. 

It is of interest to develop another canonical network with 
capacitances of equal value. The first that is derived is the theo
retical Type "D" Guillemin network (Fig. 3-8). The analysis in the 
development of this network is quite lengthy and therefore, is not 
addressed here [Glasoe and Lebacqz, 1948]. The TyP^ ^ network is 
not realizable because of the negative inductances that are posi
tioned in series with each capacitor. However, these negative in
ductance may be realized as a mutual inductance [Van Valkenburg, 
I960]. This realization may be shown by the inspection of the 
equivalent circuits shown in Fig. 3-9. The loop equations for each 
case may be written as 

y i = 
dt dt 

1 = I T , ^ - M ^ (3-51) 

V2 = - M ^ - K L S ^ (3-52) 
•^ dt ®dt 
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L l 
—JTTA. 

L3 
yVYYV 

L N - 1 

/YYTL 

•N-2 

Fig. 3-7. Guillemin Type "B" pulse forming network 
derived with the Cauer method. 
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^1 
/YYY\ /YYY\ iYYY\ 

N 
yYYY\ 

- L 12 - L 23 N-1, N 

Fig. 3-8. Theoretical Guillemin Type "D" pulse forming 
network. 



74 

Transfomer 

^ 1 
i l 12 

yVYYV-^lo 
+ 
^1 -M V . 

Equivalent T-Circuit 

Fig. 3-9. Transformer with 
equivalent T-Cir
cuit. 
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for the transformer, and 

Vi = { L i - M ) ^ - M ^ (3-53) 
a t a t 

V 2 = - M ^ + ( L o - M ) ^ (3-54) 
^ d t ^ ^ t 

for the T-network. For the two networks to be equivalent, the 
following relations are required. 

Lp=Li-M (3-55) 

Ls=L2-M. (3-56) 

Note tha t the T-network is equivalent to the inductances of one 

section of the Type D network. Therefore, the Type D network 

may be re-configured using Eqs. 3-53 and 3-54. The result, illus

trated in Fig. 3-10, is the Type "E" network. This network is quite 

popular because of the ease of design and construction. Normalized 

component values for a five-stage Type E network are given in Fig. 

3 -11 . It should be noted tha t the three center inductances are 

nearly equal. The mutua l inductances between adjacent coils are 

about 15% of the self inductances of each section. The self in

ductances of the ends are slightly larger (20%-30%) because these 

inductors are coupled with only one section. All of the relation

ships discussed above may be satisfied by winding one long coil and 

connecting the capacitors at the correct tap locations. The coil in

ductance is determined from Eq. 3-49 and the tap locations are 

determined from the formula [Cook, 1975] 

LN = 2(l.2)Ls+2(N-l)(0.15)Ls+(N-2)Ls, (3-57) 

where Ls = self inductance of a center section 

N = Number of sections. 
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1 2 '23 N-1,N 

h-L^ 
iYYTL 

S" ^2" S 
jyrv\_..._jyrY\ frrrL 

Fig. 3-10. Realization of the Type D network in the 
form of the Guillemin Type "E" pulse forming 
network. 
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0.0113 0.122 0.0118 0.0077 

0.0801 

0.0910 

- J Y Y T L . 
0.0674 

0.0910 

_iYYYV_ 
0.0668 

0.0910: 

-JTYYV. 
0.0711 

0.0910 

0.0805 

0.0910 

Fig. 3-11. Normalized values for the elements of a five-
section Type E network. For actual values, 
multiply inductances by ZQZ, and multiply ca
pacitances by X/ZQ. 
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The first term in the formula represents the sum of the end induc

tances , the second term represents the contribution of the mutual 

inductances , and the sum of the center inductors is given in the 

thi rd te rm. The capaci tors for each section are obtained by 

dividing the total capacitance from Eq. 3-47 by the number of 

sections in the network. 

For each canonical form derived in this section, there are 
certain advantages and disadvantages. As mentioned earlier, the 
Type E network is the easiest to design and build, bu t it is the most 
difficult to tune . Any change in the tap location for a capacitor will 
change the distribution of self inductances and mutual inductances 
for the long solenoid. Therefore, it is usually required to move all 
of the capacitors, according to Eq. 3-57, to have any appreciable 
effect. The T3^e C network is the easiest to tune since all of the 
harmonics are associated with the Ln-Cn sections [Oppenheim, et 
al., 1986]. Because the sections of the Type C network are con
nected in parallel, they may be mounted coaxially around the load 
to reduce hookup inductance between the PFN and the load. The 
Type A configuration is useful for converting a Marx bank to a pulse 
forming network [Cummings, 1976]. 

Application to the Low-Voltage Network 

The impedance of the PFN mus t be matched to the on-state 

impedance of the device under test. This value is obtained from 

Eq. 2-21 which represents a static resistance. Therefore, there has 

been no consideration in this investigation for a PFN design for a 

time varying load. The required impedances, however, fall in the 

mil l iOhm range which m a k e s the PFN realization difficult. 

Referring to Eqs. 3-47 and 3-49, the network capacitances will 

become large and the total inductances will become small as the 

characterist ic impedance is decreased. This problem is corrected 

with the addition of the N:l step down pulse transformer (Fig. 1-5) 

[Pat. Pending]. When the switch impedance is reflected to the 
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primary of the transformer, it will be multiphed by the square of 
the turns ratio to give 

Zo = R = ( N 2 ) ^ ^ . (3-58) 
^ lb 

Therefore, with a 10:1 step down transformer, the required PFN 
impedance is increased by two orders of magnitude. The charge 
voltage of the PFN, which corresponds to the forward voltage drop 
of the device under test, will also be increased according to the 
turns ratio to give 

VN = 2Vp = 2Neon. (3-59) 

It may be desirable to select the turns ratio so that the PFN charge 
voltage is equal to the charge voltage of the high-voltage network. 
With this technique, only one power supply would be required for 
both networks. The leakage inductance associated with the 
transformer will degrade the pulse shape of the PFN by increasing 
the pulse rise time. The problems associated with this leakage 
inductance should not affect the overall performance of the test 
circuit since the high di/dt pulse is produced by the high-voltage 
network. 

Several PFN/Transformer configurations may be connected in 
parallel to further increase the PFN impedances. It is easily shown 
that for a total of "M" PFN/Transformer configurations in parallel, 
the characteristic impedances for each network must be 

ZO = M ( N ^ ) ? ^ . (3-40) 
ib 

This method has several drawbacks. The required number of com
ponents is increased by the factor of M and will increase the cost 
and difficulty of the construction. There also exists the possibility 
of impedance mismatch between each PFN. Therefore, as a rule. 
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the number of configurations used in this manner should be five or 
less. 



CHAPTER IV 

DEVELOPMENT OF THE NEW LOW LOSS 

TEST CIRCUIT 

There were two stages in the development of the test circuit 
introduced in Chapter I. First, a Pirrie type circuit was designed 
based on impedance matching techniques. The laboratory test 
revealed several shortcomings associated with this design tech
nique. Stray inductances of the circuit forced an under damped 
response in the high-voltage network causing reverse current. The 
PFN d i scha rge from the low-voltage network revealed the 
difficulties in constructing a milliohm PFN. A new circuit (Fig. 1-5) 
was developed using energy matching techniques with improved 
pulse shape and greater circuit efficiency. Both of these circuit are 
discussed in detail in this chapter. 

The Impedance Matching Scheme 

The first circuit was designed for thyristor testing (see Fig. 

4-1). The circuit was to deliver a high d i /d t pulse to simulate 

thyr i s to r opera t ion in pulse power circui ts . The electrical 

specifications for the devices tested are given in Table 4 -1 . These 

devices had been previously tested under high d i /d t conditions 

[Hudgins, 1985]. The design of this prototype was based on the 

switching characterist ics of Device A. This device was damaged 

during testing and was replaced with Device B. 

High-Voltage Network Design 

The high-voltage network was constructed of three critically 

damped L-C networks. Each network was matched to a different 

interval of the switching phase as the device changed from the 

blocking to the conducting state. The impedance of the device 

81 
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High 
Voltage 

Low 
Voltage 

Low-
Voltage 
Network 

High-Voltage 
Network 

Fig. 4-1. First prototype of the new low loss circuit. 
The low-voltage network is derived from a 
Type C pulse forming network. Three criti
cally damped L-C sections form the High-
voltage network. 
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Table 4-1. Switching characteristics of the solid 
state devices used in the low loss circuit. 

Blocking Voltage 
Forward Current (Avg.) 

1/2 Cycle Surge Current 
Max. d i /d t 
Max. dv/dt 

Device A 
1000 V 
700 A 
10 kA 

1200 A/lis 
400 V/iis 

Device B 
800 V 
450 A 
7.5 kA 

600 A/|is 
300 V/| is 
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during the "turn-on" time was obtained from the switching 
waveforms of Device A [Hudgins, 1985] seen in Fig. 4-2. The 
resistance (and admittance) of the device is calculated for 100 ns 
intervals and is listed in Table 4-2. A plot of the admittance during 
turn-on is shown in Fig. 4-3. This data is necessary for the 
impedance matched design. 

The operating conditions for each branch of the high-voltage 
network were determined from.the data in Table 4-2 and Fig. 4-3. 
The turn-on phase was divided into three different operating 
periods or intervals. The average resistance of each interval was 
calculated and recorded in Table 4-3. The following relations were 
used to determine the capacitances and inductances for the high-
voltage network. 

Average Resistance of Interval=Rn=2^ —^ (4-1) 
V Cn 

Time Period of Discharge = Xn=5 ̂ =^ l (4-2) 
\Rn / 

After simplifying the above relations, the values for the network 
elements, Ln and Cn, are determined as 

(4-3) 

(4-4) 

Using the data from Table 4-3 with Eqs. 4-3 and 4-4, the parame
ters for the network in Fig. 4-1 are determined as 

Li=6.67 nH C 1=60.0 nf 
L2=2.5 nH C2=640 nf 
L3=2.8 nH C3=2.28 f̂. 

Cn̂  

- T l -

_ 2 t n 
5Rn 

Î n'̂ n 
10 
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Fig. 4-2. Switching wavforms for device A. 
On the vertical scale, the current 
is 316.2 A/div. and the voltage is 
200 V/div. The time scale 
(horizontal) is 100 ns/div 



Table 4-2. Resistance and admittance values for 
the SCR. Data was taken from Fig. 4-2. 
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Time 
0 

100 
200 
300 
400 
500 

Voltage 
800 
360 
200 
120 
100 
100 

Current 
31.62 

1106.7 
1581 

1549.38 
1391.28 

1264.8 

Resistance 
25.3004 

0.3253 
0.1265 
0.0775 
0.0719 
0.0791 

Admittance 
0.0395 
3.0742 
7.9050 

12.9115 
13.9128 
12.6480 



Admittance Plot of a Thyristor 
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§ 

g 
3 

0 100 200 300 

Time (ns) 

400 500 

Fig. 4-3. Graph of the admittance of a thyristor during 
the turn-on time of the device under test. 
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Table 4-3. Average resistance values and the cor
responding interval. 

Interval 
0-100 ns 

100 - 300 ns 
300 - 700 ns 

Average Resistance 
0.0667 
0.125 
0.07 

Duration of Discharge 
100 ns 
200 ns 
400 ns 
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Pulse capacitors were not available for the calculated values so 
comparable uni ts were subst i tu ted and the inductor values were 
recalculated. The new values were 

Li=5.6 nH C i = 5 0 . 0 n f 

L2=3.91 nH C2=1.0 |if 

L3=2.45 nH C3=2.0 |Lif. 

Due to the small inductor values, no physical inductors were 
required. The ESL of the capacitors provided the inductances for 
the circuit. 

Low-Voltage Network Design 

The design of this network was based on a Type C pulse 

forming network matched to the on-state impedance of the device 

u n d e r test . An impedance of 0.07 Q was determined from the 

graph in Fig. 4-2. The pulse width of the PFN was 7 ^s . Using the 

criteria for PFN design given in Chapter 3, the low-voltage circuit 

p a r a m e t e r s were determined. The calculated values for the 

network were adjusted to fit "off the shelf capacitor values and are 

given below as 

La= 124.5 nH Ca=40.0 îf 

Lb=143.0 nH Cb=4.0 l̂f 

Lc=192.0 nH Cc=1.0 |if. 

The on-state voltage drop of the device under test was determined 

from Fig. 4-3 to be approximately 100 V. The charge voltage of the 

PFN m u s t therefore be 200 V since the PFN will deliver half of the 

charge voltage to a matched load. 

rnns t ruc t ion And Lavout 

The test circuit was arranged coaxially around the device un

der test on top of a copper ground plane. Photographs of the as-
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sembly are seen in Fig. 4-4. The SCR rested at the bottom of the 
assembly. A cylindrical aluminum bar was placed on top of the SCR 
to provide clearance for the Pearson current transformer used for 
pulse current measurements. The capacitors of the high-voltage 
circuit were soldered to a round copper foil placed on top of the 
aluminum bar. An insulating bar was positioned on top of the entire 
assembly which was tightened down with long 3/8" bolts. No SCR 
heat sinks are necessary because the tests were single shot only. 

The low-voltage network was coupled to the assembly with 
the isolating diode. The diode has a 3/8", 24 threads/in. stud at 
the cathode, and a cable lead at the anode. A hole was drilled and 
tapped into the aluminum cylinder for the 3/8" stud. Holes were 
also drilled through the insulating bar, and the copper foil. The 
stud was threaded through the top assembly and screwed into the 
aluminum cylinder. The PFN was assembled and attached to a cop
per foil buss. The copper foil was then attached to the anode cable 
of the diode. 

Measurement and Testing 
A Tektronix 7834, 400 MHz mainframe oscilloscope was used 

with a 7A18 plug-in amplifier and a 7B80 plug-in time base. 
Current through the SCR was monitored using a Pearson model 110 
current transformer. The device under test was triggered using an 
HP 214-A pulse generator into the trigger circuit illustrated in Fig. 
4-5. This circuit was designed for Thyristors operating in high 
di/dt circuits [Hudgins, 1985]. 

Both networks were resistively charged from separate D.C. 
power supplies. The test devices had very high leakage currents 
which prevented full voltage testing of the circuit. The H.V. 
network was charged to only 400 V and the L.V. network was 
charged to only 150 V. 

The first discharge from the high-voltage network was under-
damped. This was caused by excessive ESL in the capacitors of the 
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Fig. 4-4. Photographs of the first prototype test cir
cuit, (a)-Top Angle view with the PFN on the 
left side of the picture. SCR stack assembly 
is in the center and the gate drive is on the 
right side. 
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Fig. 4-4. (Continued) (b)-Side view of the low loss cir
cuit. The SCR under test is surrounded by 
the current transformer (center). 



9 3 

Test Device 

Fig. 4-5. Gate drive circuit used for triggering SCR's in 
high d i /d t circuits. 
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network. The device under test was destroyed by the reverse 
current. Resistors were added in series with each capacitor to 
damp the oscillations and to prevent further SCR fatalities. The 
resulting device current waveform is shown in Fig. 4-6. The peak 
current is approximately 2.2 kA with a rise time of 500 ns. This 
gives a di /dt of 4.4xl09 A/s. The front edge of the discharge is 
seen in Fig. 4-7. The PFN was added to the circuit for the 
operation the complete test stand. The discharge current is shown 
in Fig. 4-8. The spike at the front of the discharge represents the 
H.V. network current. There is considerable ripple at the front 
edge of the PFN discharge, and the current decays slowly with no 
trailing edge. 

Analvsis 
The effect of stray inductances in the high-voltage network 

were catastrophic. Damping resistors were required to correct this 
problem, but these resistors must be eliminated or reduced to in
crease circuit efficiency. Therefore, future calculations for the 
network parameters must include all of the inductances in the cir
cuit. The inductances include the capacitor ESL, the loop induc
tance, and the inductance of the device under test. Also, it was 
found that the energy stored in this H.V. network did not match 
the energy dissipated during the turn-on time of the switch. This 
energy, Wswon. is calculated with Eq. 2-15. It may therefore be 
more constructive to determine the capacitance of the H.V. net
work by satisfying the energy requirements of the switch. 

The discharge of the low-voltage network demonstrated the 
difficulties in the construction of a very low impedance PFN. This 
is because the total circuit inductance must be very low to satisfy 
Eq. 3-49. Any stray inductances will severely degrade the dis
charge pulse and this is evident in Fig. 4-8. The multiple trans-
former/PFN idea discussed in Chapter 3 will increase the charac
teristic impedance of the PFN's and allow the development of the 
next low loss test circuit. 
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Fig. 4-6. Discharge current of the high-voltage 
network. The capacitors were charged 
to 400 V. The current on the vertical 
scale is 1 kA/div and the time scale is 
500 ns/div. 
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Fig. 4-7. Front edge of the discharge current for 
the high-voltage network. The current 
on the vertical scale is 400 A/div and 
the time scale is 200 ns/div. 



97 

Fig. 4-8. Discharge current of the low loss test 
circuit. Current on the vertical scale is 
1 kA/div and the time scale is 5|is/div. 
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The Energv Matching Scheme 

This design technique is based on the switch energy criteria 
for the high-voltage network. Previously, the components of this 
network were determined with an average resistance (Eq. 4-1) and 
the pulse duration (Eq. 4-2). The new circuit is illustrated in 
Fig. 4-9. 

Theorv and Method of Design 
The parameters for the device life test are incorporated into 

the design of the high-voltage circuit. This requires that the 
operating conditions and switching characteristics of the device are 
well specified. The given test parameters are listed below as 

Charge Voltage=epy 
Maximum Forward Current=ib 
Anode Fall Time=tf 
On State Voltage Drop=eon-

In the previous method, the inductance of the high-voltage network 
was determined with Eq. 4-4. The value of this inductance is usu
ally too small to be physically realizable. In this design, the induc
tance of this network will consist only of the device inductance, the 
loop inductance, and the equivalent series inductance of the 
capacitors in the network. Therefore, total inductance of the high-
voltage network is given as 

Total Inductance=Lr=LDux+LLoop+LESL- (4-5) 

The resistance for a current viewing resistor, RCVR, will also be in
cluded in this design. The two components that are determined 
for this network are the damping resistance, Rd, and the capaci
tance for the high-voltage network, CHV- The damping resistance 
is required only because of the inductance of the pulse power 
components. However, the energy dissipated in Rd must be 
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Fig. 4-9. Second prototype of the low loss circuit. 
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included in the stored energy. There must therefore exist two 
equations to obtain the closed form solution. The first equation 
used to determine the desired parameters is the energy relation. 
The energy stored, Ws, must equal the dissipated energy in the 
circuit resistances and the device under test. The energy equation 
is written as 

Ws=Ws^on+WcvR+WRd. (4-6) 

The energy dissipated in the switch, Wswon. is determined from 
Eq. 2-15. The energy dissipated in the resistors is derived by inte
grating the power over the anode fall time to give 

•tf 
WcvR=| PcvR(t)dt. (4-7) 

• 
Jo 

Assuming that the current through the resistor is the same as the 
device current, the above expression may be written using the cur
rent from Eq. 2-8 as 

'^^' ^2\2 
WcvR=| (ib{fP RcvRdt. (4-8) 

Evaluating Eq. 4-8 will give the final expression for the energy dis

sipated in th CVR as 

WcvR=t(ib)^RcvRtf- (4-9) 
o 

Likewise, the energy dissipation for the resistor Rd will be 

WRd4(ib)^Rdtf. (4-10) 
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The second equation is derived from the critical damping condition 
for the R-L-C network. Rather than using an average resistance 
during the switching interval, the network will be matched to the 
resistance at the end of the turn-on time. This criteria will prevent 
the network from becoming under-damped. The second design 
equation is written as 

2 V ? ^ = R T = Rd+RcVR+Ron. (4-11) 
V CHV 

The solution begins by solving Eqs. 4-6 and 4-11 for Rd resulting in 
the following equations 

R d = C H v f ( ; ^ f f - ^ - R c v R (4-12) 
2 ib I tf 3ib 

Rd = 2 Y ^ - I ^ V R - R o n - (4-13) 

An equation of C H V only is obtained by setting Eqs. 4-12 and 4-13 

equal to each other. Substituting eon / ib for Ron and simplifying, 

the equation reduces to 

C^l\^fLjl^IL±A-.2J^. (4-14) 
21 lb / tf lb V CHV 

Squaring both sides of the equation and multiplying by C H V yields 

the following expression 

c3 25.(^Pyf 1 . r 2 /epy\2(eon- |epy | 

[^on 2 py/ 
CHV 5 =4Lr . 

ib 
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Note that this is a cubic equation for CHV- The equation is reduced 
further to 

:2 
4 v ^ c | v | ^ ( e o n - | e p , ) . C H v ^ ( e o „ - f e ^ . f 

'Py ^^'^py 

I^t?16 
2 5 

b̂ _ 
(4-16) 

epy) 
= 0 

The three possible solutions for C H V may be determined using a 
polynomial root solving formula (See Appendix A). All negative 
and/or complex roots of the equation must be ignored since they 
are not realizable. The dissipation resistance may then be deter
mined substituting a valid solution of C H V in Eq. 4-13. 

As an example, a solution for the high-voltage network will be 
performed for a thjnratron with the following specifications. 

epy = 20 kV 
ib = 5 kA 
tf = 20 ns 
eon =100 V 
L D U T = 30nH. 

The current in the tube will be monitored using a 1 mQ CVR. The 
sum of the ESL and the loop inductance is assumed to be about 
20 nH. Thus, the total inductance is 

Total Inductance=LT=30 nH + 20nH=50nH. (4-17) 

The solution obtained with Eureka, a mathematical solving program 
for the Macintosh, gave the following values for C H V and Rd. 

C H V = 3.36 nH 
Rd = 7.69 Q . 
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A simulation of the high-voltage network is required to verify 

the design. A direct simulation using Rswon(t) (Eq. 2-24) in SPICE 

is not possible since a time varying resistance is not available. As an 

al ternat ive, a FORTRAN program was written to s imulate the 

discharge of the high-voltage network into a time varying load (See 

Appendix B). A flow chart describing the operation of the program 

is presented in Fig. 4-10. The program calculates the loop current 

for the applicable condition (under-damped, over-damped, or 

critically damped) as the resistance falls to zero. The product of 

the current and Rswon(t) gave the thyratron voltage. The discharge 

waveform of the device current and voltage from this simulation is 

given in Fig. 4 -11 . The data shows good agreement with laboratory 

data [Friedman, et al. 1978]. The peak current is only 1.75 kA, but 

there is no reverse current . This value is much lower than the 

desired 5 kA. The current is limited by the dissipation resistance, 

b u t this resistance is required to maintain critical damping, the 

solution, nevertheless, is still acceptable since the network has 

delivered the energy necessary to turn the device on. 

The resul ts from the FORTRAN program were helpful in ex

amining the solution for the high-voltage circuit. However, a switch 

model for SPICE is still necessary to verify the complete design of 

the low loss test circuit. A transistor was used in the computer 

simulation to simulate a pulse power switch (See Appendix C). The 

anode voltage fall and rise of cur ren t may be described as 

exponential waveforms [Friedman, et al., 1978]. Therefore, the 

t ransistor was triggered, after a delay of 30 ns, with an exponential 

current pulse applied to the base (Fig. 4-12). The amplitude of the 

pulse was sufficient to drive the transistor into saturat ion. The 

response of the t rans is tor is demonstrated in Fig. 4-13. The 

switching waveforms show good agreement with the results in Fig. 

4-11 and is consistent with the exponential shape of the thyristor 

waveforms in Fig. 4-2. The t ransis tor was incorporated into a 

listing for the high-voltage network (See Appendix C). The thyra

tron resistance, Ron. and inductance L D U T are configured in series 
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Fig. 4-10. Flow chart for the FORTRAN program used to 
simulate the high-voltage network. 
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Fig. 4-11. Simulated discharge of the high-voltage net
work using a FORTRAN program. For the 
circuit CHV=3.36 nf, Rd=7.694, LT=50 nH, 
and RCVR=1 mQ. The capacitor was charged 
to 20 kV. 
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Fig. 4-12. Base current pulse and corresponding 
emitter current of the transistor used for 
the SPICE simulat ions . Note the 
exponential rise of the current pulse. 
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Fig. 4-13. Switching characteristics of a transistor used 
in SPICE simulations as a pulse power switch. 
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with the transistor. A diode was also added in series with the 
transistor for closer simulation of a thjn-atron. A diagram showing 
element values and circuit nodes is illustrated in Fig. 4-14. The 
discharge of the high-voltage network through this switch is pre
sented in Fig. 4-15. The peak current is slightly less than 2 kA 
and the shape of this waveform is close to the result from the 
FORTRAN program seen in Fig. 4-11. The anode voltage falls 
exponentially after triggering and "dips" negative before settling to 
zero. 

The design of the low-voltage network follows simply from 
the PFN design methods discussed in Chapter 3. Equation 3-40 is 
extended to include the resistance of the isolation diode, the cur
rent viewing resistor, and the resistance of the discharge switch on 
the primary side of the transformer. The characteristic impedance 
of the PFN follows as 

Zo = MN2(Ron + RcVR + ^diode) + ^ d s - (4-17) 

where M=Number of PFN/Transformer circuits 
N=Turns Ratio. 

The PFN designed for this example was a 5 section Type E. The 
pulse width was designed for a 10 îs discharge. The total capaci
tance, C N . and the inductance, LN, of the network are determined 
with Eqs. 3-47 and 3-49. The tap locations for the type E network 
are determined from Eq. 3-57 which is rewritten to determine the 
self inductances of the three center section as 

U= ^ . (4-18) 
^ 1.3N+0.1 

Where N=Number of Sections. 

All of the equations discussed above were incorporated into a 
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Fig 4-14. High-voltage network analyzed with SPICE. 
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high-voltage network of Fig. 4-14. 
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spread sheet given in Table 4-4. For this example, only one PFN 
was considered with a 10:1 step down transformer. The calculated 
parameters for the PFN are listed in Table 4-4. 

The low-voltage network was added to the high-voltage net
work to test the complete low loss test circuit with SPICE. A dia
gram of the model is depicted in Fig. 4-16 and the listing of the 
circuit is given in Appendix C. The transformer model included a 
leakage inductance of l|iH and a magnetizing inductance of 50 |iH. 
An equivalent series inductance of 20 nH was added to each 
capacitor of the PFN. Because of the leakage inductance of the 
transformer, the end inductor of the PFN was replaced with a 20 
nH connection inductance. A graph of the simulated response is 
shown in Fig. 4-17. The peak current is slightly less than 4 kA and 
there is no reverse current. The PFN developed a 100 V drop 
across the tube which corresponds to the on state voltage drop of 
the device under test. The front edge of this discharge is shown in 
Fig. 4-18. The high-voltage network discharge current peaks at 2 
kA then, after a slight decrease in current, the current from the 
low-voltage network begins to rise. The di/dt of this front edge is 
approximately 1.33x10 ̂  A/s. The PFN and transformer voltages 
for the low-voltage network are shown in Fig. 4-19. The PFN 
voltage drops from the charge voltage of 2000 V to 1000 V. The 
voltage on the secondary of the step down transformer is 100 V 
corresponding to the on state voltage of the device under test. 

The design technique was verified with the SPICE 
simulations. Construction of this circuit should include careful 
layout techniques to reduce excess stray inductances. All 
components of the circuit should also be carefully considered to 
prevent a possible failure from interrupting the life test of the 
examined device. Capacitors in the circuit should be well 
constructed for low inductance and low loss. An auxiliary switch is 
necessary for the long circuit to control the discharge of the PFN. 
The blocking voltage of this device corresponds to the on-state 
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Table 4-4. Spread sheet used for the low-voltage 
network calculations. 

Given 
Von 
Ib 
Pulse Width — 

# of Sections 
# of PFN's 

tAMAA^JUiAJiJtMAA^ • • 

Rcvr 

^ra 
lOOlV 

• '<^^M^M'*MMMMAAMMMMMAMM^MAAAAAA^MAAMMAMNMMMM^WVWM#M(V«' 

5000IA 
10 kis 

* * " " " » • " " " * » " »i* *A*.*rt v%%%^^riffff ftrtff ftrtn fi. wAwwuu 

0.001 n 
Rdiode 
Rds 

0 . 0 0 2 n 
0.002|Q 

~ t — # of Primary Turns lOl 

X Calculated Values 
Rs= 0.023!a 

AMMMMAMMMMMMA^tftM^MAMMl 
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! 
: 

PFN Parameters 
PFN Charge Voltage= 

CN=i 
20001V 

2.1720 îf 
Cs= 0.4344^|Lif 

I -A.j......»».. 

1.7439ILIH 
Le= 2.0927|LiH 

Lm= 0 . 2 6 1 6 I ^ H 
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Fig. 4-16. Spice model for the low-voltage circuit. 
Node 100 connects to the corresponding 
node in Fig. 4-14. For the PFN, the ESL 
values are 20 nH and all capacitors are 434 
nf. Inductors L2 to L4 are 1.74 |iH, and the 
end inductors are L5 = 2.09 iiH and LI = 20 
nH. 
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voltages of the device under test, and the isolation diode. In terms 

of the t ransformer relations and the device characterist ics, the 

blocking voltage for the PFN auxiliary switch is 

Blocking Voltage=2N(eon+ediode)- (4-19) 

The auxiliary switch must also conduct a maximum current of 

Forward Current= J - IK . (4-20) 
N ^ 

From the relations above, it is seen that the required auxiliary 

switch is much smaller in terms of switching characteristics than 

the device under test. The auxiliary switch must turn on quickly to 

prevent the device unde r test from recovering before the PFN 

discharge. Therefore, a smaller thyratron would be used as the 

auxiliary switch for testing a high power thyratron. Likewise, for 

th)n:istors, a solid state auxiliary switch would be suitable. 

There m u s t also be careful consideration for the isolation 

diode between the two networks. The reverse blocking voltage of 

this diode is the same as the hold-off voltage, epy, of the device 

under test. This diode must also conduct the full forward current 

of the device under test. Several configurations for the diode are 

possible. A large single, solid state diode may be applied but there 

are few s u c h devices tha t can hold off very high-voltages for 

th j^atron testing. Several small diodes may be arranged in series 

and parallel to satisfy the forward current and blocking voltage 

requirements. A thyratron may be considered as a third option for 

the isolation technique. The thyratron has the advantage of fast 

turn-on with a relatively low forward drop. 



CHAPTER V 
CONCLUSIONS 

Pulse power switches have the capability of delivering power 
in the megawatt range while dissipating only kilowatts of power 
internally. The goal of this investigation was to consider methods 
of testing these switches under pulse duty conditions without 
dissipating the megawatts of power that can be delivered. The 
most effective approach is to limit the supplied power to the power 
dissipated by the device under test. The Pirrie circuit of Fig. 5-1 is 
a novel technique of testing a very high-power switch with low-
power components and small power supplies. However this test 
circuit was not constructed for maximum efficiency and was 
difficult to apply to low-voltage/high-current solid state devices. 
The high-voltage network for the Pirrie circuit was designed to 
discharge independent of the behavior of the device under test. 
For the Pirrie circuit, the discharge time of the high-voltage circuit 
was much longer than the turn-on time of the switch [Pirrie, 1988]. 
This technique was intended to make the design of the network 
easier. The peak current of this discharge was low and there was 
considerable loss in the loading resistor. The low-voltage circuit in 
the Pirrie low loss test circuit delivered a half wave sinusoidal 
current pulse to the device under test. The wave shape was 
intended to simulate a thyratron used in a resonant charging 
circuit. However, this technique does not simulate the effects of 
pulse duty on the device under test. 

This research has produced an improved low loss test circuit 
based on the Pirrie test circuit. The design of the new circuit was 
carefully derived from the needs of the device under test. 
Computer verification of the circuit verifies the design technique 
and shows the advantages of the new circuit over the Pirrie circuit. 
The new test stand has a better pulse shape, and is easily applicable 
to thyristors as well as thyratrons. 

118 
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Improvements in the high-voltage network are based on the 

new design philosophy. For the new circuit, the discharge time of 
the H.V. network is equal to the turn on-time of the device under 
test. The discharge waveform is therefore much faster and delivers 
higher cu r r en t and a higher d i / d t at the leading edge. The 
efficiency of the new network is improved by reducing the size of 
the damping resistance. Since the discharge time and the damping 
re s i s t ance is reduced, the energy dissipation is dramatical ly 
decreased. Optimal performance of the high-voltage network is 
only limited by the resistor required to damp the discharge. 
Fur ther reduction or elimination of this resistor is dependent on 
the ne t induc tance of the circuit. It is not likely tha t the 
inductance of the device under test can be reduced. However, it 
was shown tha t capacitor ESL effects can be reduced with the 
circuit layout techniques discussed at the end of Chapter 2. With 
close arrangement of the capacitor banks around the device under 
test, the loop inductance of the network will also be reduced. 

A high-voltage network composed of a tapered transmission 
line or a tapered pulse forming network might be considered as an 
al ternat ive to the R-L-C network given here. There has been 
extensive work on the design of pulse forming networks for time 
varying loads [Ball, 1975, Roark, 1979]. A combination of tapered 
l ine / tapered network may also be an applicable solution [Cravey, 
1988]. If such a network could be closely matched to the switch 
t u r n - o n impedance , then it would be possible to remove the 
damping resistor completely. The physical realization of such a 
network may not be practical since the change of impedance is so 
large during a short amount of time. Another alternative may be to 
apply energy recovery techniques as demonst ra ted with the 
Hitchcock test circuit of Fig. 1-3. The damping resistance may be 
replaced with a feedback transformer coupled to an intermediate 
energy storage unit. 

The discharge of the new low-voltage network is a preferable 
pulse shape. The pulse shape is an improvement over the half-wave 
s inusoid discharge of the Pirrie circuit. The shape has been 
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achieved with the addition of a pulse forming network and a step 
down transformer. While the transformer has eased the design of 
the PFN, it has also introduced the complication of the auxiliary 
switch. The blocking voltage of this switch is low (1000 to 2000 V) 
and its forward current is less than discharge current of the device 
under test. The PFN impedance was matched to the on-state 
resistance of the device under test. This resistance was assumed to 
be static which may not be true for solid state devices in long pulse 
applications. Therefore, a PFN with a time-varying impedance may 
also be required for these conditions. 

With this work, it is hoped that future switch development 
may be facilitated. The new circuit developed in this investigation 
will allow switch designers the ability to test closing switches at or 
above the desired ratings. The circuit is cost effective because of 
low power consumption and low component cost while simulating 
the same operating conditions as a typical megawatt modulator. 
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APPENDIX A 

COMPUTER SOLUTION FOR THE HIGH-

VOLTAGE NETWORK COMPONENTS 

Components for the high voltage network were obtained 
using Eureka—a mathamatical solving program for the Macintosh. 
The capaci tance , C H V . is determined from the solution to the 
polynomial of Eq. 4-16. The value of C H V is then used in Eq. 4-13 
to find Rd-

Eureka Solution For CHV 

EPY=20000 

LT=50E-9 

RCVR=0.001 

IB=5000.0 

TF=20E-9 

EON=100 

RON=EON/IB 

A=l 
B=4*TF*IB*(EON-2*EPY/3)/(5*EPY^2) 

C=4*TF^2*IB^2*(EON-2*EPY/3)^2/(25*EPY^4) 

D=-16*TF^2*(IB/EPY)^4*LT/25 

F(CHV) := POLY(CFN,A,B,C,D) 

Roots to the polynomial F 
# Real part Imaginary part 
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1 -3.3471170e-10 
2 -3.3471170e-10 
3 3.3598923e-09 

Solution 
Variables Values 

0.0000000 

0.0000000 

0.0000000 

A = 1.0000000 

B = -2.6466667e-09 

C = 1.7512111e-18 

D = -5.0000000e-26 

EON = 100.00000 

EPY = 20000.000 

IB = 5000.0000 

LT = 5.0000000e-08 

RCVR = 0.0010000000 

RON = 0.020000000 

TF = 2.0000000e-08 

Eureka Solution For Rd 

CHV=3.3598923e-09 

LT=5.0000000e-08 

RCVR=0.001 

RON=0.020000000 

RD=2*SQRT(LT/CHV)-(RCVR+RON) 

Solution 
Variables 
CHV 

LT 
RCVR 

RD 
RON 

Values 
= 3.3598923e-09 

= 5.0000000e-08 

= 0.0010000000 
7.6942912 

= 0.020000000 



APPENDIX B 

FORTRAN PROGRAM FOR HIGH-VOLTAGE 

NETWORK SIMULATIONS 

The following is a listing of a FORTRAN program for the 
simulation of the high voltage network. 

PROGRAM FAST CIRCUIT 
REAL TIME,ISW(500),VSW(500) .RSW(500) .VMAX.IMAX. 

1 IMIN.TSW.RD ,RCVR,CFN,CFNNF.LFN.LFNNH,NATFR 
OPEN (UNIT=5,FILE='CURR.OUT'.STATUS='OLD') 
WRITE(*,*) 'INPUT MAX VOLTAGE' 
READ(*,*) VMAX 
WRITE(*,*) 'INPUT MAX CURRENT 
READ(*,*) IMAX 
WRITE(*.*)'INPUT MIN CURRENT' 
READ(*,*) IMIN 
WRITE(*,*)'INPUT SWITCHING TIME (nS)' 
READ(*.*) NSW 
WRITE(*,*)'INPUT DISSIPATION RESISTANCE' 
READ(*.*) RD 
WRITE(*,*)'INPUT CURRENT VIEWING RESISTOR' 
READ(*,*) RCVR 
WRTTEC*,*)'INPUT FAST NETWORK CAPACITANCE (nF)' 
READ(*,*) CFNNF 
WRITE(*,*)'INPUT FAST NETWORK INDUCTANCE (nH)' 
READ(*.*) LFNNH 
CFN=CFNNF*lE-9 
LFN=LFNNH*lE-9 
ZFN=2*SQRT(LFN/CFN) 
M=2*NSW 
TSW=NSW*lE-9 
DO 100J=1,M 
TIME={J-l)*0.5E-9 
RSW(J)=VMAX*(1-(TIME/TSW)**2)/(IMAX*(TIME/TSW)**2+IMIN)+RD+RCVR 
IF (RSW(J) .GT. ZFN) GOTO 200 
IF (RSW(J) .EQ. ZFN) GOTO 300 
IF (RSW(J) .LT. ZFN) GOTO 400 

P tit************************************ 

C **** OVER DAMPED CASE **** 

200 P1=RSW(J)/(2*LFN)+SQRT(RSW(J)**2/(4*LFN**2)-1/(LFN*CFN)) 
P2=RSW(J)/(2*LFN)-SQRT(RSW(J)**2/(4*LFN**2)-1/(LFN*CFN)) 
ISW(J)=VMAX/(LFN*(P2-P1))*(EXP(-P1*TIME)-EXP(-P2*TIME))+ 

1 IMIN/(P2-Pl)*(P2*EXP(-P2*nME)-Pl*EXP(-Pl*nME)) 
VSW(J)=ISW(J)*(RSW(J)-RD-RCVR) 
GOTO 500 
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C **** CRITICALLY DAMPED CASE **** 
Q ************************************** 
300 ISW(J)=VMAX/LFN*TIME*EXP(-RSW(J)*TIME/(2*LFN))+ 

1 (1.0-RSW(J)/(2*LFN)*T[ME)*IMIN*EXP(-RSW(J)*TIME/(2*LFN)) 
VSW(J)=ISW(J)*(RSW(J)-RD-RCVR) 
GOTO 500 

Q ************************************** 
C **** UNDER DAMPED CASE **** 
Q ************************************** 
400 OMEGA=SQRT(l /(LFN*CFN)-RSW(J)**2/(4*LFN**2)) 

NATFR= 1 /SQRT(LFN*CFN) 
PHASE=ATAN(2*OMEGA*LFN/RSW(J)) 
ISW(J)=VMAX/(OMEGA*LFN)*EXP(-RSW(J)*TIME/(2*LFN))* 
1 SIN(OMEGA^IME)-NATFR/OMEGA*IMIN*EXP(-RSW(J)*nME/(2*LFN)) 

2 *SIN(OMEGAmME-PHASE) 
VSW(J)=ISW(J)*(RSW(J)-RD-RCVR) 
0 0 1 0 500 

500 WRITE(5,510)TIME.ISW(J),VSW(J) 
510 FORMAT(E10.4,TR5,E10.4,TR5,E10.4) 
100 CONTINUE 

STOP 
END 



APPENDIX C 

SPICE LISTINGS FOR CIRCUIT SIMULATIONS 

The network listings used in the SPICE simulations are given 
in this section. 

Transistor Switch Listing 

This listing describes a t ransis tor used as a pulse power 

switch. The base of the transistor was driven with an exponential 

current pulse. 

EXP TRANSISTOR SWITCH 
VEPY 10 0 20K 
Q l 10 20 30 QMODl OFF IC=-1V,20KV 
ITRIG 0 15 EXP(0.0 49.5 30NS 4NS lOONS 4NS) 
RL 30 40 4.0 
VIE 40 0 0.0 
VIB 15 20 0.0 
.MODEL QMODl NPN(BF=100, IS=1.0E-16, CJC=0.1PF) 
.TRAN INS SONS UIC 
.END 

High Voltage Network Listing 

The t rans is tor switch model was expanded to simulate a 

thyratron for simulations of the high voltage network. 

EXP TRANSISTOR SWITCH 
LS 10 100 30N 
Q l 10 20 30 QMODl OFF 
ITRIG 0 15 EXP(0.0 49.5 30NS 4NS lOONS 4NS) 
RON 30 35 0.02 
D1 35 40 DIODE OFF 
RCVR 40 0 0.001 
VTB 15 20 0.0 
RD 100 110 7.694 
LESL 110 120 20N 
CHV 120 0 3.36N IC=20K 
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.IC V(10)=20K 
.MODEL DIODE D(IS=1E-16 BV=20K IBV=1) 
•MODEL QMODl NPN(BF=100, IS=1.0E-16, CJC=0.1PF) 
.TRAN INS lOONS UIC 
.END 

Low Loss Circuit Listing 

The PFN and the Transformer were added to form the 

complet low loss circuit. 

LOW LOSS TEST CIRCUIT 
LS 10 100 30N 
Q l 10 20 30 QMODl OFF 
ITRIG 0 15 EXP(0.0 49.5 30NS 4NS 20US 4NS) 
RON 30 35 0.02 
D1 35 40 DIODE OFF 
RCVR 40 0 0.001 
VIB 15 20 0.0 
RD 100 110 7.694 
LESL 110 120 20N 
CHV 120 0 3.36N IC=20K 
RD2 100 150 0.002 
D2 160 150 DIODE OFF 
RINSL 190 0 IP 
RDS 200 210 0.002 
LI 210 230 ION 
LESLl 230 235 20N 
CI 235 0 434N IC=2000 
L2 230 240 1.74U 
LESL2 240 245 20N 
C2 245 0 434N IC=2000 
L3 240 250 1.74U 
LESL3 250 255 20N 
C3 255 0 434N IC=2000 
L4 250 260 1.74U 
LESL4 260 265 20N 
C4 265 0 434N IC=2000 
L5 260 270 2.09U 
LESL5 270 275 20N 
C5 275 0 434N IC=2000 
K12 LI L2 0.15 
K23 L2 L3 0.15 
K34 L3 L4 0.15 
K45 L4 L5 0.15 
LLEAK 200 202 lU 
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LMAG 162 190 50U 
F l 162 190 VTO 10 
E l 204 190 160 190 10 
RIN 200 190 lOOMEG 
VTl 162 160 0.0 
VTO 204 202 0.0 
ROUT 160 0 1E12 
.IC V(10)=20K 
.MODEL DIODE D(IS=1E-16 BV=30K IBV=1) 
.MODEL QMODl NPN(BF=100, IS=1.0E-16, CJC=0.1PF) 
.TRAN lOONS 20US UIC 
.PRINT TRAN V(100),V(40) 
.END 

Capacitor Bank Listings 

The following listings were developed for developing circuit 

layout techniques for low inductance capacitor banks. 

Ideal RLC simulation 
IDEAL RLC CIRCUIT 
RL 10 0 0.05 
VI 20 10 0.0 
LI 20 30 O.IN 
CI 30 0 160N IC=10000.0 
.TRAN IN lOON UIC 
.PLOT TRAN I(VI),V(40) 
.END 

ESL Circuit 
Effect of ESL was examined with this simulation 

R-ESL-C CIRCUIT 
RL 10 0 0.05 
VI 20 10 0.0 
LI 20 30 20N 
CI 30 0 160N 10=10000.0 
TRAN IN lOON UIC 
.PLOT TRAN I(VI),V(40) 
.END 
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Low Inductance Capacitor Bank 

FOUR SECTION CIRCUIT 
RL 10 0 0.05 
VI 20 10 0.0 
LHIO 20 100 2N 
L l l 103 100 20N 
R l l 105 103 .001 
CI 1 105 0 5N 10=10000 
LHl l 100 110 1.34N 
L12 110 113 20N 
R12 113 115 .001 
C12 115 0 5N 10=10000 
LH12 110 120 1.34N 
L13 120 123 20N 
R13 123 125 .001 
C13 125 0 5N 10=10000 
LH13 120 130 1.34N 
L14 130 133 20N 
R14 133 135 .001 
0 1 4 135 0 5N 10=10000 
LH14 130 140 1.34N 
L15 140 145 20N 
R15 143 145 .001 
0 1 5 145 0 5N 10=10000 
LH15 140 150 1.34N 
L16 150 153 20N 
R16 153 155 .001 
0 1 6 155 0 5N 10=10000 
LH16 150 160 1.34N 
L17 160 163 20N 
R17 163 165 .001 
0 1 7 165 0 5N 10=10000 
LH17 160 170 1.34N 
L18 170 173 20N 
R18 173 175 .001 
0 1 8 175 0 5N 10=10000 
LH20 20 200 2N 
L21 200 203 20N 
R21 203 205 .001 
021 205 0 5N 10=10000 
LH21 200 210 1.34N 
L22 210 213 20N 
R22 213 215 .001 
0 2 2 215 0 5N 10=10000 
LH22 210 220 1.34N 
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L23 220 223 20N 
R23 223 225 .001 
023 225 0 5N 10=10000 
LH23 220 230 1.34N 
L24 230 233 20N 
R24 233 235 .001 
C24 235 0 5N 10=10000 
LH24 230 240 1.34N 
L25 240 243 20N 
R25 243 245 .001 
C25 245 0 5N 10=10000 
LH25 240 250 1.34N 
L26 250 253 20N 
R26 253 255 .001 
026 255 0 5N 10=10000 
LH26 250 260 1.34N 
L27 260 263 20N 
R27 263 265 .001 
027 265 0 5N IC= 10000 
LH27 260 270 1.34N 
L28 270 273 20N 
R28 273 275 .001 
0 2 8 275 0 5N 10=10000 
LH30 20 300 2N 
L31 300 303 20N 
R31 303 305 .001 
0 3 1 305 0 5N 10=10000 
LH31 300 310 1.34N 
L32 310 313 20N 
R32 313 315 .001 
032 315 0 5N IC= 10000 
LH32 310 320 1.34N 
L33 320 323 20N 
R33 323 325 .001 
0 3 3 325 0 5N 10=10000 
LH33 320 330 1.34N 
L34 330 333 20N 
R34 333 335 .001 
C34 335 0 5N 10=10000 
LH34 330 340 1.34N 
L35 340 343 20N 
R35 343 345 .001 
0 3 5 345 0 5N 10=10000 
LH35 340 350 1.34N 
L36 350 353 20N 
R36 353 355 .001 
0 3 6 355 0 5N 10=10000 
LH36 350 360 1.34N 
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L37 360 363 20N 
R37 363 365 .001 
C37 365 0 5N 10=10000 
LH37 360 370 1.34N 
L38 370 373 20N 
R38 373 375 .001 
038 375 0 5N 10=10000 
LH40 20 400 2N 
L41 400 403 20N 
R41 403 405 .001 
C41 405 0 5N 10=10000 
LH41 400 410 1.34N 
L42 410 413 20N 
R42 413 415 .001 
C42 415 0 5N 10=10000 
LH42 410 420 1.34N 
L43 420 423 20N 
R43 423 425 .001 
043 425 0 5N IC= 10000 
LH43 420 430 1.34N 
L44 430 433 20N 
R44 433 435 .001 
044 435 0 5N 10=10000 
LH44 430 440 1.34N 
L45 440 443 20N 
R45 443 445 .001 
C45 445 0 5N 10=10000 
LH45 440 450 1.34N 
L46 450 453 20N 
R46 453 455 .001 
C46 455 0 5N 10=10000 
LH46 450 460 1.34N 
L47 460 463 20N 
R47 463 465 .001 
C47 465 0 5N 10=10000 
LH47 460 470 1.34N 
L48 470 473 20N 
R48 473 475 .001 
0 4 8 475 0 5N 10=10000 
.TRAN ION 400N UIC 
.PLOT TRAN I(VI),V(105) 
.END 
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