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ABSTRACT 

This dissertation addresses advances in power conditioning for high voltage pulse 

applications. In particular an opening switch based on exploding wire technology for 

inductive energy storage systems, and a rapid capacitor charger for compact marx-

generators are discussed. The first section about the exploding wire-fuse opening switch 

presents basic fuse sizing rules for various flise materials as well as for a variety of 

primary energy sources. The basic mechanisms of wire explosion are discussed and a 

new method to determine the optimum flise material is proposed. To aid the simulation of 

circuits involving exploding wires a phenomenological fuse resistance model is presented 

and a number of results of real data and simulation data are given. Furthermore, a 

literature survey of a number of important material properties as well as for the integral 

of current action is presented. Concluding the first section is a discussion of an aqueous-

electrolyte load, which also presents resistivity/concentration formulae. The second 

section of this dissertations concentrates on the rapid capacitor charger developed at the 

Center for Pulsed Power and Power Electronics at Texas Tech University. Basic charging 

mechanisms are discussed with an emphasis on capacitor charging utilizing hard 

switching technology. The basic building blocks of the capacitor charger, the low-

inductance bus bar with the H-bridge inverter, the controller with an HC12 

microprocessor, the high-voltage multi-tap step-up transformer, and the multi-tap full-

bridge rectifier are addressed. Tools are provided to estimate optimum frequency, 

optimum primary turns, and volume for an e-core type transformer in pulse 

environments. Furthermore, a thermal model for the employed IGBTs is presented to 

address junction temperature concerns. The implementation of the HC12 microprocessor 

is addressed and discusses the basic charging principle and, in addition, its assembler-

code representation. The impact of different charging-functions like constant, linear, or 

exponential charging is presented in a number of detailed graphs, including DC-bus 

voltage, transformer input current, capacitor input current, and capacitor voltage. 

Concluding the section about the rapid capacitor charger is a presentation of a complete 

PSpice system model including the DC-bus voltage swing, the switch junction 

temperature, the non-ideal transformer, and an arbitrary duty-cycle flinction. 
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CHAPTER I 

INTRODUCTION 

Modern defense applications, whether regarding national security, public safety, 

or human protection increasingly focus on interruption or destruction of electric and 

electronic components, circuits, and infrastructure. This can result in blinding or 

misguiding an incoming missile, interruption of communication equipment and 

computers, or destruction of vehicle electronics. The effect is achieved by generating 

high electromagnetic fields in the vicinity of the target, which will cause saturation of 

sensory equipment, electric breakdown within semiconductors, or an overload situation. 

These effects may be temporary or permanent and might be produced by a single high-

energy pulse or by a burst of pulses with lesser energy. For this type of application a 

high power microwave generator can produce the necessary high electromagnetic fields. 

High power microwave diodes require voltages in the lOO's of kilovolt and currents in 

the lO's of kiloamperes with pulse-lengths in the microsecond range. Typically, the 

equipment that has to deliver these pulses does not readily provide this "type" of power. 

Power conditioning is necessary to bridge between the available and the required power. 

In many cases the power can be in the gigawatt range, which calls for an intermediate 

energy storage device that is charged for a long period of time (low power for a long 

time) and releases the stored energy in a very short period of time (high power for a short 

period of time). Examples are marx-generators, which are based on capacitive energy 

storage (the storage of energy in the electric field), and inductive energy storage systems, 

which store the energy in the magnetic field. The marx-generator can produce the right 

"type" of power in burst mode, but needs to be re-charged for each shot. The inductive 

energy storage system requires an opening-switch to produce this power and may, 

depending on the type of opening switch, only capable of generating it once. 

Power conditioning in the broadest sense of the term is an every day task that is 

applied by most of us on a daily basis. Whether it is the temperature of the toaster or the 

correct mixture of hot and cold water to take a shower. It is the conditioning of what is 

offered to what is needed. A somewhat more refined understanding of power 

conditioning considers the characteristics of the source and the load and provides a path 
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for power to flow from source to load without damaging either of them. For example by 

drawing to much power from the source, or by operating the load for extended periods of 

time. A good example of power conditioning is the use of a motorized vehicle. One must 

choose the correct gear, operate the clutch, and regulate the amount of acceleration. In 

modem life part or all of the conditioning is performed by automatic mechanisms. In the 

fields of pulsed power and power electronics, the meaning of power conditioning is 

similar but more refined and typically involves pulse shaping of usually currents and 

voltages, e.g., how currents and voltages behave as a function of time. In both fields, 

pulsed power and power electronics, power conditioning does not necessarily mean the 

tempering of power. It can also mean the amplification of power, or pulse-compression, 

e.g., the storage of energy over a long period of time, which is low power for a long time, 

and the release of the stored energy over a very brief period of time, which is high power 

over a short time. A typical every-day application of this is the flash in photo-cameras 

where the charging of the flash takes considerably longer than the release, the flash, 

itself This is a rather typical application in the field of pulsed power. In [1], A. Guenther 

et al write that this field involves technology areas "such as high voltage, high current, 

high power, repetitive discharges, accelerators, magnetic insulation, the effect of 

materials in adverse environments, instrumentation and diagnostics, as well as the always 

apparent problems related to switching, insulators, and breakdown" (p. vi). Even though 

the field of power electronics deals with some of the same issues, especially high voltage, 

high current, high power, switching, insulators, and breakdown, the magnitudes involved 

are orders of magnitues smaller. The field of power electronics is much more visible and 

closely related to the field of power distribution and the utility industry. Its main focus is 

power-supplies, which themselves provide a form of power conditioning. Often both 

fields play hand in hand with power electronics being the provider of "slow energy," for 

example to charge a capacitor, and pulsed power the provider of "fast energy," e.g., the 

rapid discharge of a capacitor into a load. Figure 1.1 shows a possible arrangement of 

power electronics and pulsed power. In this arrangement the primary power source is 

typically of low power (watts - kW range) provided either at DC or low frequency AC 

(<kHz). The power electronics part, for example, a switching power supply operating at 

kHz - MHz would step the voltage up to several kV - lO's of kV and slowly charge a 
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capacitor in ms to sec or longer. The pulsed power part, for example, an inductive energy 

storage system, then discharges the capacitor while stepping up voltage and current into a 

microwave load in a matter of ns - |xs. 

This dissertation will present the latest research and findings on the Rapid 

Capacitor Charger for Marx-generators developed at Texas Tech University representing 

the power electronics side and also present the results of an investigation into an 

Exploding Wire-flise Opening Switch for inductive energy storage systems as the pulsed 

power side. 

LN 

rv\ 

Power 
Electronics 

Power 
Conditioning 

Pulsed 
Power 
Power 

Conditioning 

ns ns 
^s us 

DC to DC to 
low AC medium AC 

(Hz) (kHz - MHz) 
Figure 1.1: Example of a staged power electronics and pulsed power system 



CHAPTER 2 

POWER CONDITIONING/ ALTERNATIVE APPROACHES 

In Pulsed Power as 

well as in Power Electronics a number of different power conditioning techniques are 

employed. In pulsed power they can be categorized into the three following groups: 

- Transmission line based: Cable, Blumlein line; 

Capacitor based: Marx generator; 

Inductor based: Inductive energy storage. 

They usually require some sort of closing or opening switch to release the stored energy. 

The closing switch is probably the most commonly utilized switch and is realized in a 

number of configurations like solid, liquid, gas gaps, or magnetic. The opening switch is 

much less common and is typically realized as a plasma switch or a fuse switch. Switches 

that can operate as both, closing and opening switch are usually semiconductor switches 

and typically have lower power ratings than the other switches. Power conditioning in 

pulsed power is in most cases pulse compression, e.g., the rapid release of energy 

compared to the slow storage of energy. In power electronics, power conditioning can 

mean any number of things and usually involves much longer timescales than in pulsed 

power. Typically it involves stepping up or down voltages or currents. In recent years, a 

great emphasis was also directed at shaping especially currents to approximate the 

voltage waveform, which is also known as power-factor-correction. In power electronics 

the step-up/step-down is, among others, done by single-switch topologies like a buck or 

boost converter, or by multi-switch devices like half-bridges or full-bridges. However, 

any numbers of arrangements are imaginable which makes power conditioning, not only 

in pulsed power or power electronics, a very complex and challenging research area. 



CHAPTER 3 

POWER CONDITIONING IN INDUCTIVE 

ENERGY STORAGE SYSTEMS 

3.1 Introduction 

The discussion about power conditioning in an inductive energy storage system 

initially gives an overview of a generic inductive energy storage system, lES, and 

discusses opportunities, requirements and components. Further, the main component of 

the lES system, the opening switch, is discussed. The ideal switch would open in zero 

time and would not consume any energy while doing so. It would be able to interrupt 

infinite currents and would be able to withstand infmite voltage immediately after 

opening. However, real opening switches are far from being ideal. They typically require 

a finite time to open and also require some time after opening to recover before voltage is 

reapplied to the switch. Design and physical dimensions of the switch usually determine 

the voltage and current limits and the maximum power it is able to dissipate. Since the 

type of load significantly influences the performance of the switch, two systems, one with 

an inductive load and one with an arbitrary load that is isolated from the system with a 

voltage triggered closing gap, are addressed in more detail. Further discussion 

concentrates on the main focus of this part of the dissertation, the exploding-wire opening 

switch, or fuse opening switch. Basic equations for optimum fuse design for a number of 

different fiase materials are given. This is followed by a discussion of a new approach in 

fiase-resistivity modeling with a presentation of results. In addition a compilation of 

various material properties, some of which are hard to obtain, and a literature survey of 

the dependency of the integral of current action as a function of current density is given. 

The final chapter of this section addresses an aqueous-electrolyte type load resistor (water 

resistor), which was used as a load for the inductive energy storage system and gives 

equations for its resistivity-dependence on concentration. 



3.2 Overview of an Inductive Energy Storage System (lES) 

Compared to the more widely used Capacitive Energy Storage (CES), the 

Inductive Energy Storage (lES) has significant advantages with regard to energy density. 

Literature suggests that the advantage in size of stored energy is somewhere between 10 

and 1000 [29]. By comparing the maximum energy storage capabilities of the electric 

field and the magnetic field, an approximate size advantage can be calculated [35, 49]. 

The energy densities for electric and magnetic field are defined by 

w, ,=i . / . / /^=l .— [W] 3.1 
2 2 // 

M'^- - -££ ' [ J /m' ] 3.2 

Assuming a maximum electric field strength of Emax = 10̂  V/m, a maximum magnetic 

field strength of Bmax = 10 T, a dielectric constant of £> = 10, and a relative permeability 

of //r = 1, then the ratio between the energy densities of the magnetic field and the 

electric field becomes 

D 2 

/U-^^EE^E^J 

If water with a dielectric constant of £r = 80 is used, this ratio would drop down to about 

10. This suggests that an inductive energy storage system with the same storage 

capability as a capacitive energy storage system can be 1/100 (1/10) of the size of the 

capacitive energy storage system. This, however, does not take into account the size of 

switches, power supplies, and the size of the required opening switch, which is typically 

larger than a comparable closing switch. To use a ferro-magnetic inductor core material is 

obviously not advisable if a large energy density is desired, since the permeability is 

found in the denominator of Equation 3.3. A major drawback of lES systems is the 

inherent loss of energy due to the resistivity of the inductor itself Resulting the time-

constants there are typically much shorter then for comparable CES systems. This 
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problem can be alleviated with the use of super-conducting materials or cryogenic 

temperatures. However, this will reduce Bmax and add to the size of the lES system. 

The basic principle of the lES system is to store energy in the magnetic field that 

builds up when current flows through an inductor. Figure 3.1 shows the elementary 

inductive energy storage circuit. The current lo in Ls is established by some external 

source. It is obvious that any resistance of the primary loop will cause losses of Î R. Since 

even a small resistance is unavoidable the loop needs to be designed in a fashion that L/R 

> t, where t is the time from charging to triggering the switches. In any inductive energy 

storage system, the object of main focus is the unavoidable opening switch. 

t=o >r-

5) v=o 

Figure 3.1: Elementary Inductive Energy Storage Circuit 

3.3 Components of a basic lES system 

The basic lES system consists of a short number of components. These 

components are, the primary energy storage capable of providing high currents 

(Capacitor, Magnetic Flux compression generator. Battery), a triggered switch, the 

storage inductor, the opening switch, and a suitable load (dummy load, microwave 

generator). The main problem associated with the lES system is the development of the 

required opening switch. The requirements for the opening switch are as follows: low 

resistance while conducting high currents, capable of interrupting high currents fast, short 

recovery time, and high dielectric strength [26, 29, 49]. The two most important 

characteristics are the capability to carry high currents and to interrupt this current fast, 

e.g., a fast rise in resistance, dR/dt large, because both will have a profound influence on 

the pulse amplitude and pulse width of the power delivered to the load and they also 



determine the power dissipated in the switch. How much the dR/dt impacts the system 

performance is discussed in the next chapter. 

Because not all requirements can be fulfilled at the same time, there are a number 

of opening switches for a variety of applications. Pai et al. [29] have compiled a list of 

opening switches and show the various switches in a diagram dependent on the ability to 

interrupt high currents and the rate of change in resistance. Considering above mentioned 

characteristics and the sophistication in design, the fuse opening switch is the opening 

switch of choice for the application discussed here. 

3.4 The ideal system 

An approximation of the research setup at Texas Tech University is given in 

Figure 3.2. It shows the circuit at the time of switching. It is assumed that all energy has 

coupled into the storage inductance Ls. The opening switch is approximated with the 

variable resistor RF. The resistance change of the opening switch is assumed to change 

linear with time and is given by RF(t) = mt. The system of equations for all three currents 

io, if, and 4 is given by 

' o - V - ' / . = 0 

L,.^L^i,.R,{t) = Q 3.4 
at 

i,R,{t)-i,R,=0 

Analytical solution of all currents yields 

T 4') 

i-^L ê C) 3.5 
'' R,+mt 

mt A(,) 

R^+mt 

where A(t) is given by 



R,-\n 

A{t) = -

Ri+mt 

m • L^ 

\ 
-mt-R, 

3.6 

A similar solution is presented by S. T. Pai in [29]. A numerical solution of the given 

system of equations as well as the analytical solution for II is depicted in Figure 3.3 for 

the case where m = Ri/z and in Figure 3.4 for m = lORi/z, where m is the switching 

speed. The time base is normalized by r = LS/RL-

niiL 

ii. 
L, A^' R, 

Figure 3.2: Inductive energy storage system and resistive opening switch 

The time of maximum load current tcm can easily be found by setting the derivative of z'/, 

in equation 3.5 to zero and solving for t, thus 

tc.= ^ [sec] 3.7 

which is independent of the load. Figure 3.5 shows the currents in the storage inductor, 

the switch, and the load at time tcm as a flinction of switching speed m given in [Q/s]. The 

time is normalized by r. It shows that slow switching speed will cause the peak load 

current to decrease significantly. Also, the energy remaining in the storage inductor at 

time of peak load current is significantly less for slow switching speeds than it is for fast 

switching. A lower inductor current at slow switching speeds indicates this. Which in 

turn means that the switching process has consumed a considerable amount of energy. 
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Figure 3.3: Current traces for linear opening switch with parallel resistive load for 
m = RI/T. 

Legend: -+- inductor current, -n- current through switch, -o- load current, -x-
load current from Equation 3.5. Time is normalized by T=LS/RL-
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Figure 3.4: Current traces for linear opening switch with parallel resistive load for 
m = 10-RI/T. 

Legend: -+- inductor current, -n- current through switch, -o- load current, -x-
load current from Equation 3.5. Time is normalized to T= LS/RL-



The total energy consumed by both, the switch and the load, as a function of switching 

speed is shown in Figure 3.6. Clearly, faster switching will result in less energy loss in 

the switch. Also, to achieve 90% switching eflficiency, the switching speed m needs to be 

m > 37 RI/T. The switching speed also has influence on the pulse width of the load 

current. The dependence is depicted in Figure 3.7. It shows the fiill-width half-maximum 

pulse width of the load current normalized by the system time constant T=LS/RL- Since 

long pulses are not desired in this application the switching speed should be at least on 

the order of 10 RI/T for the switching process not to have too much influence. 

Considering all points mentioned above, the switching should take place at fast as 

possible to improve overall system performance. In an ideal system, the switching 

process takes place in zero time and does not consume any energy. However, in the real 

system discussed here, real material needs to be vaporized and this will unavoidably take 

a finite amount of time and will consume energy. 

In some instances the load is isolated from the remaining system by a voltage 

triggered closing switch, e.g., a spark gap or sharpening gap. Until this switch closes, all 

current will flow through the opening switch and dissipate energy. How much energy is 

dissipated in this case does not depend on the load (since it is isolated from the circuit) 

•a u 

110 0.01 0.1 1 10 
normalized switching speed 

100 110 

Figure 3.5: Normalized currents at tcm for linear opening switch with parallel resistive 
load as a flinction of switching speed m, normalized by RI/T. 
Legend: -+- inductor current, -D- current through switch, -o- load current 
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Figure 3.6: Normalized energy at tcm for linear opening switch with parallel resistive load 
as a function of switching speed m, normalized by RI/T. 
Legend: -n- energy deposited into switch, -o- energy deposited into load 

and does not depend on the switching speed. It depends solely on the time or voltage at 

which the load is connected to the circuit. Figure 3.8 shows the energy dissipated in the 

opening switch until the time the spark gap closes. The dissipated energy is normalized to 

the total energy stored in the inductor and the time is normalized to the time of peak 

voltage across the switch. Thus, if the load is switched into the circuit at peak voltage 

across the opening switch, the switch will have dissipated about 63% of the energy 

available in the system. However, if it is switched into the circuit at V2 time of peak 

voltage, it will have dissipated only about 22%. Figure 3.9 shows the same dissipated 

energy as a function of the voltage at which the load is connected to the circuit. At peak 

switch voltage it will have dissipated 63%, whereas at V2 peak voltage only about 10%. 

The switch, of course, will continue to dissipate energy after the load is connected to the 

circuit. 
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Figure 3.7: Normalized load current pulse width (FWHM) as a flinction of normalized 
switching speed (normalized by Ri/f). 
Pulse width is normalized to rand switching speed m is normalized by RI/T. 
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Figure 3.8: Energy dissipated in switch before load is connected to the system at time t. 
Dissipated energy is normalized to total energy stored and time is normalized to 
time of peak voltage across the switch 
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Figure 3.9: Energy dissipated in switch before load is connected to the system at voltage 
V. 
Dissipated energy is normalized to total stored energy and voltage is normalized 
to peak voltage across the switch. 

3.5 Inductive energy storage system with arbitrary load isolated 
by a spark gap 

Reinovsky discusses a similar problem analytically in [16] as a basic treatment of 

an inductive energy storage system with a fuse opening switch and an arbitrary load 

isolated by a spark gap. The load is then connected to the circuit at peak voltage across 

the switch. To simplify the solution process two assumptions are made. The opening 

switch resistance until the time of interruption /,„, is negligible and for / > ttm the 

resistance of the switch is defmed by 

R{t')^Rt' 3.8 

where t' = t-t,„,. Figure 3.1 shows a typical lES system arrangement. The load is isolated 

from the circuit by the closing switch Schse- The switch is considered to close at peak 

voltage Vvm at time t\m, thus decoupling the load from the system until /'vm- For the time 

before the closing switch closes the circuit equation is 

14 
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L—+lR(t) = 0, 39 
dt ^ ' 

and the solution for t > /„„ is given by 

HI'' 

l{t') = l,c'^ . 3.10 

lo is the current in the storage inductor L at time /,„,, e.g., the peak current in the inductor. 

Reinovsky defmes a switching interval t's„. during which the current falls to 14%) (e"̂ ) of 

its value just before interruption. Thus 

C=2- 4 - 3.11 

Since the resistance of and the current through the switch are known the voltage across it 

is defmed by 

2l" 

V{t') = R{t')l{t')^l,Rt'e'''" . 3.12 

The time of voltage maximum t'vm is easily found by differentiating equation 3.12 with 

respect to t', thus yielding 

/' =L.t' = L 3.13 
v m ^ .VM' \l jy 

Z V A 

with a voltage maximum of 
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P̂ .„, = / o - V Z 7 ^ - e " ^ = - ^ 3.14 

and the current in the switch at voltage maximum is given by 

/„„,=/o-/^=61%-/„ 3.15 

and the switch resistance by 

R^.„^4L~k=^. 3.16 

Probably the most interesting point Reinovsky makes is that the minimum energy 

dissipated in the switch, defmed by 

E^AC) = ~L{IO' -I{KJ) = JL-IO' •(\-e-') = 63%-E„ 3.17 

is independent of circuit parameters and switching speed. Numerical solution of Equation 

3.9 for faster than linear increases in resistance show that 63% is the minimum energy 

that any real switch in combination with an inductive energy storage system will dissipate 

before the load is switched into the system at voltage maximum. 

The assumption that the resistance of the fiase before onset of vaporization is 

negligible might not be readily understandable since in much of the literature the 

transition from solid to liquid and the higher resistivity of the liquid metal are clearly 

visible and seem to have influence on the system behavior. However, the resistivity ratio 

Pv / pvm, e.g., the resistivity at the time of vaporization over the resistivity at voltage 

maximum, is typically on the order of 1/10. To account for the energy deposited into the 

fuse until t'ym, the energy stored in the storage inductor can simply be reduced by an 

equal amount, thus reducing the current in the inductor by a proportionate amount. To 
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assume a linear rise in resistance after the time of vaporization arises mostly from the 

need to find equations that can be solved analytically but still closely follow the given 

behavior. This linear rise must be determined experimentally since it depends on the fuse 

parameters and on system parameters. 

3.6 Inductive energy storage system with purely inductive load 

It can be shown [11, 15, 51] that for a purely inductive load at least 50% of the 

energy is dissipated in the switch if maximum energy is to be transferred into the load 

inductor. Initially the energy stored in Ls is equal to 

^o=fV-^s- 3.18 

If, in addition, it is assumed that the switch undergoes ideal switching the flux is 

conserved and therefore 

/ = / ^1^— 3.19 
" " L +L 

^S ^ ^L 

where h is the fmal current in LL- Thus, the fmal energy in the load inductance is 

W,^W..^'-^\, 3.20 
(As+4.) 

L ~ " 0 

which is at best 25% of the initial energy. The energy remaining in the storage inductor 

equals 

Ws=W, ^ ^ - ^ 3.21 
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and is equal to 25% as well, if the maximum amount of energy is delivered to the load. 

The remaining 50% will be dissipated in the switch. In more general terms the energy 

dissipated in the switch is 

(A+A) 
'>:sv„c/,-^o-z, ' . . 3.22 

Figure 3.10 shows the dependence of aforementioned energies as a function of load 

inductance. It is clear from this that energy transfer between inductors is very inefficient 

and that the inductance of the load should be minimized to have an efficient energy 

transfer. 

3.7 Fuse opening switch 

Historically a fiise opening switch was first reported in the late 1950s and early 1960s [4, 

11, 15, 32, 7, 52, 14]. They were, and still are, typically used with controlled nuclear 

fusion experiments, fast pinches, or hypervelocity guns. However, the application of 

fuses is by far not limited to that. They are used as timing devices for explosive charges, 

to create micro fine powders, to blast concrete, to clean up channels of blast furnaces, for 

classification of material properties, light sources, generation of shock waves, echo 

sounding, and a variety of other applications. The early applications typically required 

current rise times in the order of lO'̂  A/sec. The conventional approach was to use high 

voltage capacitors as the primary energy storage and a triggered closing gap to deliver 

energy to the application. 
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Figure 3.10: Final energy distribution depending on the load inductance for lES systems 
Legend: energy dissipated in switch (dashed), energy remaining in source 
(dotted), energy transferred into load (solid). Energy is normalized to Wo, and 
load inductance is normalized to Ls. 

From basic circuit theory, it is obvious that 

di_ 

dt 
peak 3.23 

Thus, the maximum rate of current rise is directly proportional to the capacitor voltage at 

the time of triggering the gap, and decreases with circuit inductance. Even if ideal 

conditions with no residual inductance other than that of the capacitor are assumed, and 

assuming modem high voltage energy storage capacitors with a voltage rating of 100 kV 

and a self inductance of the order of >I0'^ H, the maximum di/dt is still on the order of 

<I0'^ A/sec. Authors H. C. Early and F. J. Martin report in [4] the use of a "fast opening 

ftise" as part of a pulse shaping system to provide a large dl'dt to a load. They report a 

rate of current change of 1.5x 10 A/sec. 
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References to documents in the late 1800's show that the electric explosion of 

metals has been of interest to researchers for some time. However, the use of metallic 

conductors as high speed opening switches came about roughly 60 years after that, as 

mentioned above. 

3.8 First principles of fuse calculations 

The principle of the fuse opening switch is initially relatively simple. Current 

through the fiise material will deposit energy in form of heat into the material. If the rate 

of energy deposition is such that adiabatic heating occurs, the material will heat up, melt, 

and vaporize. Vaporization is typically accompanied by a sharp rise in resistance due to a 

sharp change in density of the fuse. The phase transition from fluid to vapor proceeds 

very rapidly and is commonly referred to as "explosion," thus the term "electrical 

explosion" (EE) of conductors. However, in electrical wire explosions, further 

classification of the explosion mechanism is necessary to allow comparison of various 

research results. Chace in [14] gives a useful classification. He distinguishes 4 different 

types: 

1. Melting. The energy necessary to drive the material into vaporization is larger 

then the available energy. Chace and Levine refer to this as a "pseudoexplosion" 

with ejection of molten metal. 

W <W 
store vap 

2. Slow explosion. Though sufficient energy is available, the rate of energy 

deposition is insufficient to deposit the total energy necessary to vaporize the 

material faster then instabilities in the liquid state can develop. 

t >t , 
vap mst 

In [17], Tkachenko et al. write that MHD instabilities in the liquid column of a 

wire fuse develop after 
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Ls,=^ r ^ = J—~- 3.24 

For a current density of J = lO" A/m^ and a radius of the liquid core of R = 1/8 

mm typical development times for Tungsten, Copper, Aluminum, are 0.4 )j,s, 0.8 

\xs, and 1.1 |as, respectively. Thus, in slow explosions, parts of the fuse will 

vaporize early and the resistance of the fuse will increase before the total energy 

required to vaporize the entire material can be deposited into the flise. 

3. Fast explosion. The time it takes to deposit sufficient energy is shorter than the 

time it takes for instabilities to develop. The wire is essentially undisturbed until 

the explosion takes place. 

t <t 
vap mst 

A requirement for the maximum wire size can for this type of explosion can be 

derived by equating the time for instabilities to develop with the time the current 

requires to penetrate to the center of the wire. From there the maximum wire 

radius is given by 

P' 3.25 
la^-Tr-J-^Ml 

1 1 "? 

and is about 0.2 mm for silver with a current density of J = 10 A/m . 

4. Explosive ablation. The rate of energy deposition is sufficient to cause a non

uniform distribution of energy in the conductor due to electrical and thermal skin 

effects. A large amount is deposited into the outer layer of the conductor, which in 
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turn gets vaporized before the bulk of the material. This will cause the so called 

"onion-peel effect" where layer after layer of material gets vaporized. 

'vur '^ ^oii 

Though the time after the metallic vapor has expanded and interacted with the 

surrounding medium was not of much interest for the early researchers, it is very 

important here. It is of particular interest for the application of exploding wires as 

opening switches since the behavior of the fijse during this state will ultimately determine 

it usefulness as an opening switch. This state determines the dielectric strength of the 

fuse. That is, how long can a voltage across the switch be sustained without electric 

breakdown, "restrike," of the fiise and of what magnitude can the voltage be. It also 

determines at what time after the explosion a voltage can be reapplied. However, since 

the fuse opening switch is inherently a single-shot device, a voltage is typically not 

reapplied. 

To fiarther the understanding of what is happening to the fuse material, it is 

helpful to consider the three stages, heating and melting, vaporization, and expansion 

separately. The initial conducting state of the fuse is governed by geometry and material 

constants and is relatively easy to understand and to model. The most accepted and 

referenced procedure to design the fuse to optimal conditions was initially derived by 

Maisonnier in [15] and will be discussed later. They can be applied to a variety of 

systems, e.g., a system with a capacitor bank or a magnetic flux compression generator as 

the primary energy storage. The final two stages, the explosion and opening of the fuse 

are quite elusive since they depend on a variety of parameters. Fuse parameters such as 

cross sectional area, length, material, quenching medium (or media), ambient pressure, 

temperature, thermal conductivity of the quenching medium, and current will have an 

impact on time of explosion/ opening, energy consumption, commutated energy, peak 

voltage, voltage hold off, and rate of resistance rise. The evolution of computing power, 

and especially the development of magneto-hydrodynamic (MHD) codes coupled with 

electrical circuit models and material databases have made it possible to better understand 
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and closely simulate and predict the behavior of the fuse [13]. Analytical treatment of 

these stages of the fuse opening is very complex and is in many cases not necessary. A 

theoretical discussion of the involved phenomena can be found in [34]. Reinovsky 

presents a simple analytical approach that aids the understanding in [10] and a somewhat 

more involved treatment that requires numerical methods is presented later. 

3.8.1 Initial stage: heating and melting 

Heating and melting of the fuse material due to resistive heating/ joule heating 

characterize the initial stage of wire explosion. During heating the resistivity of the 

material is mainly dependent on the introduced energy. Extrinsic parameters as fuse 

height and cross sectional area, current density, temporal behavior of the fuse current, as 

well as intrinsic material properties have influence on this stage. The initial stage and its 

transition into the vaporization stage have profound influence on the performance of the 

system. The three factors that foremost determine the performance are the total cross 

sectional area, the length, and the material. Other factors such as initial temperature, heat 

sinking quenching medium etc. influence on the performance as well, but are not of 

interest at this point and will be addressed in Section 3.8.4. 

3.8.1.1 Optimal fuse cross sectional area 

The accepted method to determine the fuse cross sectional area was first 

established by Maisonnier in [15] and has been used by the majority of researchers 

around the world. A derivation similar to that developed by Maisonnier is presented here. 

The power dissipated in any ohmic conductor is equal to 

PUt) = ̂ IfM- 3.26 
fuse 

Constants p, h, and s are resistivity, height, and cross sectional area, respectively. Ifuse(t) 

is the time varying current though the fuse material. Furthermore, the dissipated power is 

also defined by 

23 



n / \ de 
Pj,s.{t) = "^-j: 3.27 

dt 

where m is the mass and e the internal energy per unit mass of the conductor material. 

The resistivity of any material is typically dependent on the temperature and thus on the 

energy that was deposited into the material. Reorganizing Equations 3.26 and 3.27 yields 

ifi,se{t)'dt^——de. 3.28 
\fuse "• P{e) */;.„ m 

Including the density of the material, y, in the equation yields the following result, were 

the left hand side is a fijnction of density and cross sectional area only. 

^>-(^) dt = ^ d e 3.29 

Ideally, the entire fuse material needs to completely transition from solid, through liquid, 

and into vaporization. The energy necessary to achieve this is equal to ev and the point of 

vaporization should be met at time to. Whether or not the entire fiise material is 

vaporized depends on the rate of energy deposition into the fuse material (see Section 3.8 

). Also, whether complete vaporization is necessary or not will be discussed later. 

However, both can be included into following calculations by simply including a scaling 

factor. Integrating equation 3.29 and reorganizing leads to 

s 2 
•^/uic 0 

p.sM'dt-r-Jj^^de.a. 3.30 

The right-hand side of the equation is solely dependent on material properties and can be 

evaluated by using handbook values of physical constants. Maisonnier denotes this value 

as a. Historically when exploding wires/ foils were used in inductive energy storage 
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systems with a capacitor bank as the primary energy storage the value a typically also 

contains a scaling factor of V2/;r to allow for easier computation of fijse height and 

cross section. The handbook values are usually taken using slow adiabatic heating, which 

is normally not the case for exploding wire/foil fuses. Slow in this case means that the 

heating is fast compared to the thermal time-constant of the surrounding medium but 

slow compared to the time-constant of the material, resulting in a uniform heating of the 

wire but in a negligible energy transfer into the surrounding medium. Thus there might be 

a scaling factor in the range of 1...3 necessary. A more detailed discussion can be found 

in section 3.8.6. 

For circuits where the impedance is to a large degree dependent on source 

impedance and the storage inductance and to a much lesser degree on the fiise resistance 

the left hand side of the equation is primarily dependent on circuit parameters, which 

dictate the magnitude and temporal behavior of the fiise current Ifuse(t), and on the cross 

sectional area of the fiise itself Then, the integral on the left-hand side 

.̂ = j[A..W]'^' 3.31 
0 

is typically denoted h, he, or ho, and is also called "integral of current action" and is 

sometimes also divided by the cross sectional area of the fuse. Reinovsky in [16] 

conveniently normalizes the integral of current action by the peak current action at time to 

and calls it "equivalent action timescale" teq. Thus 

fuse 

Introducing the equivalent action timescale will make it considerably easier to compare 

current actions of different current waveforms and will simplify evaluation of fiase 

parameters for different systems. Combining all previously mentioned points and 
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introducing a = \/^ leads to a rather simple equation to calculate the optimal fiase cross 

sectional area 5/,„<,. 

'^ fuse = (^ • yJL, • I final 3.33 

where lf,„ai is the fiase current at time of onset of vaporization to. 

3.8.1.2 Optimal fuse length 

To find the optimal fiise length it is imperative to determine what is the optimum. 

This, in turn, will depend on the type of load that is used. Typically either a high energy 

transfer ratio or high peak voltage at the load are desirable. For inductive loads, the lower 

limit for the energy dissipated in the switching process, independent of the switch, is 

determined by the fact that flux conservation has to be achieved. Thus, following 

equation 3.22, the ratio of dissipated energy versus total energy, v, is 

L 'load 2.34 

toad source 

and has a value of 50% if maximum energy is to be transferred to the load, e.g., if load 

inductance and source inductance are equal. The case where an arbitrary load is to be 

switched into the circuit at voltage maximum across the fiase was discussed in section 3.4 

. For a linear resistance rise of the opening switch, the switch will dissipate at least 63% 

before the load is switched into the circuit. Thus, for an arbitrary load switched into the 

system at voltage maximum, Vmin = 63%. This will result in a maximum energy transfer 

into the load. For maximum voltage at the load the interesting case arises that the switch 

needs to ideally dissipate 100% of the energy to make dl/dt a maximum. For any other 

case. Figures 3.8 and 3.9 can be referred to. 
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The energy dissipated in the fiise material is given by 

^fitse^Sfi^se-l/use-r-^', 3.35 

where y and w are mass-density and maximum deposited energy per unit mass under 

normal conditions, respectively. The energy necessary to drive the material from room 

temperature through vaporization is defined by 

/., n 
^.ota, = \c^{T)dT + h^+lc,{T)dT + h^, 3.36 

'To L 

where Cs and ci are the heat capacitances of the solid and liquid material, hm and hv are the 

heat of melting (fiasion) and vaporization. To, Tm, and Tb are initial operating temperature, 

melting temperature, and temperature of boiling, respectively. It is typically assumed that 

Cs and c/ are temperature independent, thus equation 3.36 simplifies to 

w, total 
•c..iT„-T,) + h„+criT,-TJ + ̂ . 3.37 

However, depending on the type of explosion (see section 3.8 ) not all material may get 

vaporized. This is especially the case if the load is coupled into the system early in the 

explosion process, thus effectively creating a parallel current path to the ftise and 

decreasing the current input into the fiase. Analysis of data from [25] shows that only 

about 62%) of the energy necessary to vaporize the total material was deposited into the 

fuse. The length of the fiase can now be calculated by combining equations 3.35 and 3.37 

resulting in 

I _ ^ • ̂ source ^ " ^source 3.38 

^total • r • Sfuse ^total " / " « " ^JK, ' ^final 
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Ideally, at the time of explosion/ vaporization, the total energy stored in the primary 

energy storage device should have commutated into the storage inductor, thus 

"source ~ ^Morc 'final ' J . j y 

Substitution of equation 3.39 into equation 3.38 yields for the optimal fuse length 

\fuse r — ^.tor, 'final " I •> J.4U 

where P is defined by 

/? = - . 3.41 
2 •>*',„,<,/•/•« 

Reinovsky in [16] arrives at a similar result for P, even though he only considers the 

energy necessary to drive the material through vaporization and does not take into 

account the energy necessary to bring the material up to vaporization temperatures. For 

most of the materials used in exploding wire research the vaporization energy is typically 

about 80%) of the total energy, with the remainder required to bring the material to the 

point of vaporization. Thus, the vaporization energy is dominant. 

3.8.1.3 Optimal fuse material 

The choice of the ideal fuse material, apart from availability issues and cost 

concerns, is not an easy task. Not only will the results for the total cross sectional area 

and length depends on it, but also the system performance as peak energy delivered to the 

load. It will ultimately limit the dielectric strength of the exploded fiise, which in turn 

might forfeit the intended use. Material properties of interest are resistivity, area and 

length proportionality constants a and /?, resistivity temperature coefficient Op of the 

liquid metal, heat capacity of the liquid metal c/, and ionization energy wion of the 
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vaporized material, to name a few. The choice might also depend on the type of energy 

source that is used. In some cases the use of an MCG might require a ftise that is rather 

wide (large cross sectional area) and very short, thus requiring a material with small a 

and large fi. In other cases compactness might be of concern and might require a material 

with large a and small /?to make the fiase more compact. Apart from those cases, what is 

the best (optimal) material? 

As stated in Section 3.4 , fast switching is of extreme importance for the 

eflficiency of the system. Typically, the faster energy is deposited into the material the 

faster it will undergo a change of resistance (vaporize). Thus, ideally, all the energy 

allocated to drive the material from a solid state to a vapor state should be deposited into 

the material during the liquid-to-vapor transition. This, of course, is not feasible, so a fuse 

with low resistance at room temperature is desirable since this will delay the deposition 

of energy to a later time. However, to choose the material with the lowest resistivity at 

room temperature (as many papers suggest) might not be the best choice. Fuses are 

comparable if they will explode at the same point in time, with the same amount of 

dissipated energy, for the same system with the same peak current. Thus, instead of 

comparing resistivity, the normalized resistance should be compared, normalized to 

system parameters. The length proportionality constant j3 can be considered a normalized 

length, and the area proportionality constant a can be considered a normalized area.Both 

constant were discusses in previous two subsections. Thus the normalized resistance 

would then be defined by 

R,=PA 3.42 
a 

which should be as low as possible. Here, from the four traditional materials (Ag, Au, Al, 

Cu), aluminum is clearly the best choice followed by silver, gold and copper (see Table 

3.1). However, materials like nickel, tungsten, iron, and lead show a low normalized 

resistivity as well.Some of them even lower than aluminum. On the other hand a high rate 

of change in resistance for a small increment of energy is desirable to improve switching 

speed. Here, as well as in the previous case, the entire fiase should be considered instead 
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of intrinsic material properties. A figure of merit for fiase materials could be to consider 

the normalized temperature coefficient of the liquid fiase dR^, calculated by 

^ / ^ v = ^ ^ = - ^ - ^ 3.43 
Cipa a ' c, 

where Up is the temperature coefficient of the resistivity of the liquid material and c/ the 

heat capacity of the liquid material, thus yielding a normalized resistance change per 

normalized energy input. This value should be as high as possible to yield the fasted 

switching. Here gold is ahead of silver, copper, and aluminum (see Table 3.1). Even 

though measurements with gold where not performed at Texas Tech University, the data 

published in [31] suggests the same ranking for silver, copper, and aluminum. A table 

with various material properties for a number of materials compiled from a wide 

selection of literature can be found on the following page. 
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3.8.2 Second stage: vaporization 

The vaporization stage is characterized by an explosion-like expansion of the 

liquid metal column and a sharp increase of resistance and is typically referred to as the 

"explosion" of the fuse. Heating rate or current density as well as the surrounding 

medium have a substantial effect on this stage. The vaporization can be significantly 

delayed to higher temperatures, thus overheating the liquid metal, if large current 

densities are used. Sedoi in [30] reports a 4 fold overheating of the ftise material. Even 

though complete vaporization is not necessary to achieve a rise in resistance, complete 

vaporization will yield a higher final resistance and a higher dielectric strength of the 

fiase. 

3.8.3 Final stage: expansion 

The final stage of fiise explosion will ultimately determine its usefiilness as an 

opening switch. One of the main requirements for an opening switch mentioned in the 

introduction is high dielectric strength. That is, in a strict sense, how much voltage can it 

hold off without axial breakdown, and in a less stringent sense, how long can it hold off 

high voltage until it breaks down. In much of the earlier research mainly interested in 

material properties and less interested in an opening switch application, the time of high 

resistivity was referred to as "dwell time" or "dark pause" and the breakdown as "second 

current surge." In an opening switch application the breakdown is clearly not desirable. 

However, if the pulse width of the load voltage/current is smaller than the "dwell time" 

the voltage across the switch will have declined to a value that is sufficiently small to not 

cause a breakdown. The determining factors are the surrounding medium with its density, 

thermal conductivity and ionization potential, and the ionization energy of the fuse 

material. C. P. Nash discusses in [32] the use of gaseous media as the surrounding 

"quenching" medium. 

During the vaporization process, a vaporization wave moves inward into the 

molten material creating a wave front of vaporized material that is moving outward. 

While it moves outward its density decreases with its radius squared. At some point along 

the radius the density of the metal vapor will be low enough such that the mean free path 

for electrons is sufficiently long to create an avalanche breakdown in the vapor. This is 
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essentially a Paschen-like behavior where the density/ distance product is such that the 

breakdown voltage approaches a minimum. The surrounding gas will impede the 

expanding vapor in such a way that it will not have the leading low density edge, thus 

avoiding the low breakdown voltage point and/ or delaying it to a later time when the 

vapor pressure has exceeded the local pressure of the medium. Thus, for explosions in 

vacuum there should essentially be no "dark pause" since there will always be an 

optimum point along the axis where the product of density and distance is optimum for a 

breakdown to occur [32]. To delay the breakdown and/or to shift it to higher voltages the 

ambient pressure of the surrounding gas should be large [33]. The mass of the gas will 

have an additional effect according to [32]. The vapor is initially confined by the inertia 

of the gas. The vapor has to expand against the gas, which will delay the formation of a 

low-density front. Nash has tested 5 gases with different weights, namely helium, 

nitrogen, oxygen, argon, and chlorotriflouromethane. With the latter one being about 3 

times as heavy as oxygen and having a pause-duration of more then 10 times that of air. 

SFe, which was not investigated by Nash, is about 5 times heavier the oxygen. Materials 

with higher density can as well be used as surrounding material. What influence they 

have will be discussed in the following chapter. 

3.8.4 Fuse quenching media 

The following list (Table 3.2) shows a number of quenching media that have been 

investigated by researchers over the last few decades. The list is by all means not 

complete and many other media have and can be used. It is divided into four main groups 

namely solid, liquid, gas, and vacuum. Solid media fiarther divide into granular and solid 

media. Probably the most widely used quenching media are glass beads in the US and 

quartz sand in Russia. Both are fairly easy to handle and result in good ftise performance. 

The quenching medium is of great importance to the expansion process and the 

performance of the fiise and is the only real variable in optimizing the fuse performance 

aside from the ftise material. Since the resistivity of the ftise is dependent on density as 

well as temperature, the quenching medium can be used to optimize the path of the fiase 

material through the density-temperature space. Initially, it should provide good 

confinement to allow the heating of the fuse material while keeping it at constant density. 

33 



After vaporization, it should allow the fiase to decrease in density, thus to expand, and 

reduce the temperature of the vapor at the same time. Cooling the quenching medium or 

even usage of a quenching material with very good thermal conductivity can yield 

significantly higher peak voltages. Just cooling the quenching medium can yield a 3-fold 

increase in peak voltage, using a cooled, heat sinking material is reported to yield a 5 fold 

gain in peak voltage. A problem with liquid media like water is that the explosion creates 

pressure waves in the liquid that need to be contained. Gases like SFe become somewhat 

problematic due to harmful byproducts, if a breakdown occurs. Another point that needs 

to be considered is the ionization potential of the surrounding quenching medium. If the 

medium ionizes while in contact with the hot liquid/ vaporized metal, the medium will 

provide a new current path and a breakdown will occur through the ionized quenching 

material undoing the purpose of the opening switch [26]. 

Table 3.2: Fuse quenching materials 
Legend: CCIF3 : chlorotriflouromethane, PTFE : polytera-fluoroethene 

Solid 
Granular 

Glass beads [26] 

Quarz sand/ powder 
[26] 

Alumina AI2O3 [26], 
[57] 

Silicon carbide SiC 
[26] 

Silica [57] 
PTFE [57] 

Solid 
Polyethelene 

[26] 

Paraffin [26] 

Mylar [26], 
[12] 

SiO grease [12] 

Liquid 

Water [26] 

Gas 

Air [26], [57] 

N2 (dry and wet) 
[26], [32] 

He [32] 

O2 (dry and wet) 
[32] 

Ar[32] 
CCIF3 [32] 

SF6 + Air [25], 
[31] 

Vacuum 

3.8.5 Equivalent action timescales for different systems 

Reinovsky first introduced the "equivalent action timescale" in [16]. It allows the 

comparison of a variety of different systems. Systems with the same equivalent action 

timescale essentially require a fiise with equal dimensions. It is especially usefial if a 
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current waveform is given in numerical form. The equivalent action timescale teq is, 

equivalent to Equation 3.32, defined by 

1 V f l * 

'^*=7^- \Vfi'se{t)\dt. 3.44 
_1 

' peak 0 

For the traditional systems like the capacitive system (with or without resistive damping) 

or the magnetic flux compression generator with exponential current rise, teq can be 

calculated beforehand and the equations are derived here. 

Since the inductive energy storage system with a capacitor bank as the primary 

energy storage without resistive damping is only a special case of a system with resistive 

damping, only the latter case is discussed here. 

The current in any RLC circuit with time-invariant R, L, and C is defined by 

i[t)=-^e-"sin{cot) 3.45 
CO- L 

where S, o), and coo are defined by 

S^ — , 3.46 
IL 

1 
CD, =• 

Thus the time of peak current and the peak current are given by 

3.47 

3.48 
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peak 

_tan-'(,-) 

CO 

/ „ . . . = - • 

/••"i^) 
peak 

L 6)-,l^] 

3.49 

3.50 

with ^=51 CO. Applying this to equation 3.44 and solving for teq yields a somewhat 

complicated solution. However, limiting the range for ^ from 0 to 1, e.g., from no 

damping to critical damping, results in an (almost) linear dependence on ^ (with a 

maximum error of less than 0.7%) given by 

KA^ n 

Aco 
1 + f-K 3.51 

The solution for the undamped case can be easily found by setting .^to zero and is 

'" 4-0) 4 " 8 
3.52 

This solution should be correct for most systems since a system where t, is of significant 

influence is very inefficient. 

For inductive energy storage systems with magnetic flux compression generators 

as a source, the solution is equally simple. However, a general solution can only be 

obtained for generators with exponential current rise. For generators with over-

exponential rise the solution for each type of generator can only be obtained numerically. 

In general the current from a generic flux compression generator is typically given by 
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'{() = I.:r^' 
ln(,.). 

3.53 

where Iseed is the seed current in the generator, v is the current amplification, E the 

exponential factor, and trun the run-time or burn-out time of the generator. Obviously the 

generator reaches a peak current of Ipeak = v-lseed at tpeak= 1^,,. Thus from equation 3.44 

the solution is given by 

^eq = 

l „ ( , . ) . | ^ 
.'run dt 3.54 

which can, besides for the case E= 1, only be evaluated numerically. The solution for E 

1 is given by 

1 v'-\ 
^'' 2'^""' \n{v)v-

= - • / _ 

In(v )̂ 
3.55 

Comparing the solutions for the undamped capacitive case and the MCG case shows that, 

for a current amplification v> e' , equal peak currents, and a runtime equal to 774, teq is 

smaller for MCG sources, thus resulting in a longer and thinner ftise. However, the fiase 

will still dissipate the same amount of energy since ayff stays constant. 

For magnetic flux compression generators that do not provide any current to the 

load before the actual compression, e.g., a transformer-type generator, the current can be 

modeled with 
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'{t)=^ final 

1„(2)U 

V 

3.56 

y 

and the equivalent action timescale for this type of generators by 

'run l„(2).U 
dt 3.57 

which, again, has an analytical solution only if it is assumed that E = 1. The solution is 

then given by 

C =0.28-r„ 
eq n 

3.58 

Thus, teq is smaller for this type of generator if it is compared to the previous generator 

with a current amplification of less than six. A plot of teq/trun versus s is shown in Figure 

3.11. The transformer-type magnetic flux compression generator at Texas Tech has an 

exponential factor of about 1.8 and a runtime of approximately 7.5 |as thus resulting in an 

equivalent action timescale of about 1.3 |a.s. 

1—r 

5 9 9.5 10 1 1.5 2 2.5 3 3.5 4 4.5 5 5.5 6 6.5 7 7.5 8 

exponentiallity fector epsilon 

Figure 3.11: Normalized equivalent action timescale (teq/trun) as a fianction ofs 
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3.8.6 Action integral survey 

Probably the most referred to and most used parameter in calculations of 

exploding wire/ foil fuses is the integral of current action from the beginning of current 

conduction through the wires until explosion of the wires he. In many calculations it is 

typically assumed to be a constant. Closer consideration of the heating/melting process 

reveals that while the conductor passes though both stages "anomalies" in resistance and 

energy are observed. These "anomalies" are more pronounced at higher current densities 

[6]. During the short period of time where the metal is heated from solid to (almost) 

vaporization it does not have sufficient time to expand considerably. In addition, the 

increase in volume that accompanies the melting of the metal is only approximately 10% 

[58]. Inertial effects keep the liquid metal confided to essentially the volume of the solid 

metal. This results in hydrodynamic pressures of anywhere between 1-10 kbar, 

(dependent on the current density) [6]. The magneto-hydrodynamic pressure per unit 

length on the liquid column as a result of the magnetic field is determined by 

P.a.-S.M-^'-j'r' 3.59 

if it is assumed that the current flows in the outer 5% of the column. With a current 

density of lO'̂  A/m^ and a wire radius of approximately 10"̂  m the maximum magnetic 

pressure exerted on the column is about 6.5 kbar. However, some literature suggests that 

the magnetic pressure does not have any influence on the vaporization process [30] and 

[6]. Besides this a superheating of the metal is observed at higher current densities [30] 

and [6]. This superheating is a delay of the vaporization to higher energies. Since he is 

proportional to the energy of explosion We, he will also shift to higher regions if the 

current density is increased. As Figure 3.12 shows, he can easily increase by a factor of 

two if the current density is increased by a factor of 10. Table 3.3 also gives a crude 

linear approximation (of the from he(J)=aJ+b) of he as a ftinction of current density. A 

more complete analysis with detailed references can be found in the appendix. 
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Figure 3.12: Plots of integral of current 
action dependence on current density 
for various materials. 
Data taken from [5], [6], [7], [8], [9], 
[10], and [11]. The action integral 
(he) is scaled by lO'̂  A ŝ/m"* and the 
current density by 10 A/m . 
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Table 3.3: Linear approximation of integral of current action as a fianction of current 
density (he = a-J+b). 

Metal 

Copper 

Gold 

Silver 

Nickel 

Iron 

Tungsten 

Aluminum 

a [lO^As/m^l 

2.8 

0.14 

2 

1.4 

1 

1.1 

1 

b [10'* A^s/m"] 

14 

8.9 

8 

5.2 

3.5 

6.9 

8 

he [10"^ A^s/m"] 
at 10" A/m^ 

17 

9 

10 

6.5 

4.5 

8 

9 

3.8.7 Fuse modeling 

An accurate model of the fuse and its behavior is paramount to properly predict 

the resulting load voltages in a given lES/ FOS system. Especially the dependence of the 

fuse resistance as a function of time, current action, or deposited energy is of interest. To 

model the resistance, as a function of time is clearly not a good choice unless the system 

parameters do not change and the current through the fuse is independent of the 

resistance of the ftise. To model the resistance of the fiase as a function of current action 

or deposited energy is a much better choice if the model is to be transposed into different 

setups and/or an optimum fiase is to be calculated. G. W. Anderson et al. in [9] discuss 

the useftilness of the current action integral. Energy or temperature might be used as well, 

but are not as convenient to obtain as the current action integral. 

The modeling of the ftise behavior, e.g., the behavior of the resistivity, can be 

done in a number of ways. One could initially start to assume that the resistivity changes 

linearly with time. The assumption would be that the resistivity of the material is 

negligible until vaporization starts and then rises linearly with time. This approach can be 

used to qualitatively simulate a given circuit and to arrive at an approximation solution 

for the ftise. A more practical approach of ftise modeling is to express the change of 

resistance with two fairly simple equations that explain it in a phenomenological way 

without going into a greater discussion of influencing parameters. A more detailed 
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approach is to use material databases with resistivity data as a ftinction of density and 

temperature, or so called EOS (Equation-of-state) databases. In particular the SESAME 

database from Los Alamos National Labs, which is offered to all interested users free of 

charge [55]. By appropriate modeling the surrounding medium, temperatures and 

densities can be tracked and the effective resistance including material expansion and 

such may be calculated. This can be coupled with a circuit simulation to yield very good 

agreement with the actual behavior of the ftise. From here on, ftirther improvements of 

the ftise can be made since its trajectory through the density-temperature space is known. 

It is also possible to gain insight into what surrounding medium should be used and if a 

multi-layer arrangement is of benefit [5, 13, 26]. The most successftil modeling is done 

with advanced equation of state modeling in conjunction with Magneto-Hydro-Dynamic 

(MHD) modeling [56]. 

3.8.8 Modeling of resistivity change 

It is desirable to express the change of resistivity of the fuse material on one hand 

as a ftinction of current action and on the other hand with a few simple equations. It is 

nearly impossible to accurately predict the behavior of an exploding wire-opening switch 

in conjunction with a dynamically changing source and possibly even a dynamically 

changing load analytically. One cannot avoid eventually using a numerical equation 

solver to arrive at accurate perditions of the behavior of the circuit. 

The intent of this section is to show that the heating/melting phase as well as the 

vaporization phase can be modeled with stunningly simple equations that describe the 

behavior quite accurately. In addition, these equations are valid for all investigated 

materials like copper, aluminum, and silver, and can most likely be easily extended to 

other materials as well. The presented equations are solely empirically based and are 

derived by curve fitting to data presented in [24] and [25]. In general, the heating/fiision 

phase can be expressed by 
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P{h) = p,- \ + P 3.60 

where po is the material resistivity at room temperature and he the action integral up to the 

point of wire explosion, ^ is dependent on the material, essentially indicating how fast the 

resistivity rises. The exponent K is used to adjust for the different sensitivities of the 

material resistivity to energy input and is essentially comparable to the material 

parameter RN mentioned earlier in the text. After vaporization the resistivity rises much 

faster and is better modeled by 

P{h) = p, P + e 
h-h„ ^ 

3.61 

which is valid from the point of explosion where h>he . The constant y can be considered 

a measure of how fast the resistance rises compared to the energy input. However, at 

larger {h-he) values, the fianction rises slower then the actual resistivity and some 

discrepancy will occur. Despite this discrepancy, it yields results that are sufficiently 

close to the actual behavior. Some results of the curve-fitting effort and a presentation of 

the modeling results are given in the next two chapters for lES system data from the 

Swedish Defense Research Agency (FOI) and Texas Tech University (TTU). Average 

modeling parameters are given in the following table. 

Table 3.4: Simulation parameters for copper, silver, and aluminum 

Material 

Copper [24] in blasting sand 

Copper [25] in impact beads 

Silver [25] in impact beads 

Aluminum [25] in air/sf6 

Aluminum [25] in impact beads 

he [10'̂  X\lm*] 

1.64 

1.6 

1.03 

0.65 

0.59 

P 
21.6 

23.9 

36 

23.5 

19 

y 

145 

118 

100 

130 

85 

K 

2.3 

2.3 

4.5 

1.8 

2.3 
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3.8.9 Analysis of data from FOI 

The following figures show the results of the modeling effort to accurately follow 

the currents produced by the inductive energy storage system at FOI [24] in more detail. 

The wires are copper and are submerged in blasting sand of different size. A total of nine 

shots were investigated. The storage capacitance was 67 ^F and the capacitor voltage as 

well as the wire length and size were kept at 16 kV, 0.5 m, and 125|a,m diameter, 

respectively. Only the number of wires was modified from 10 to 26 wires. Figure 3.13 

shows the dependence of p on the total ftise cross sectional area. For all practical 

purposes the rather weak dependence can be ignored. Parameters m and b are constants 

for the given linear interpolation of the form p = marea + b. Values Pmean and a are 

mean values of the given data points and their standard deviation from the linear 

interpolation. Figure 3.14 shows the dependence of / on the total cross section. The 

switching speed decreases considerably with increasing total cross sectional area. This 

dependence is not taken into account for the following simulation, which might under-

predict the peak load current for small total cross sections and over-predict it for large 

cross sections since only the mean value is used for the simulation. Figure 3.15 depicts 

the integral of current action to the point of explosion as a ftinction of total cross section, 

and does not seem to vary appreciably over the given range of cross sections. To follow 

up on the discussion about the dependence of the integral of current action on the current 

density Figure 3.16 shows the result for the FOI data. For the small range of current 

densities investigated here, the integral of current action can be considered a constant for 

the given material. Figure 3.17 shows the sum of flise currents and load currents, thus the 

capacitor currents (top), and the results of simulations with the average fuse model 

(bottom). Figure 3.18 displays the measured fuse currents (top) and the simulation results 

(bottom). The resulting load currents are shown in Figure 3.19. The agreement between 

reference values and simulation results is quite satisfactory and delivers good quantitative 

predictions for the behavior of the circuit. 
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Figure 3.17: Capacitor current (measured and simulated) for FOI data 
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Figure 3.18: Fuse current (measured and simulated) for FOI data 
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Figure 3.19: Load current (measured and simulated) for FOI data 

3.8.10 Analysis of data from TTU (Set I) 

The results of the modeling of data taken at Texas Tech University are shown in 

the following pictures. The 18 shots contained in this set [25] are all results of a copper 

fuse submerged in impact beads, 70-140 US sieve, 2W580 Potter industries. System 

parameters such as capacitor size and capacitor voltage varied from 16.8 jiF to 48.3 |a.F, 

and from 20 kV to 30 kV. The wire size was varied from a diameter of 51 |am to 127 |j,m 

and the number of wires spanned from 9 to 110. The dependence of/?on the total cross 

sectional area is shown in Figure 3.20. It is much stronger than for the previous set of 

data from FOI. Figure 3.21 displays y versus cross section. The dependence is 

interpolated with an exponential ftinction of the form y = ae ''"'^"+0 and is quite strong, 

thus can not be ignored in subsequent simulations. Figure 3.22 and Figure 3.23 show how 

he depends on total fuse cross section and peak current density. The dependence is, as 

expected, weak, but stronger than for previously presented data. Figure 3.24 and Figure 

3.26 show capacitor current, ftase current, and load current, respectively. In each case the 
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top traces show the measured current and the bottom traces show the simulated currents. 

They provide a fairly good agreement for the wide range of parameters used. 

beta vs total cross sectional area 
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Figure 3.20: P versus cross-sectional 
area for TTU data set I 

h vs total cross sectional area 

0.2 0.4 0.6 0.8 

Total cross sectional area in [nim2] 

h „ , = „ = 1 6 x l 0 " , a = 4 9 5 x l 0 " , m = -2 .54xl0" , 

b = 1 6 6 ^ 1 0 " 

Figure 3.22: he versus cross-sectional 
area for TTU data set I 
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Figure 3.21: y versus cross-sectional 
area for TTU data set I 
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Figure 3.23: he versus peak current 
density for FOI data 
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Figure 3.24: Capacitor current (measured and simulated) for TTU data set I 

Figure 3.25: Fuse current (measured and simulated) for TTU data set 
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Figure 3.26: Load current (measured and simulated) for TTU data set I 

3.8.11 Analysis of data from TTU (Set II) 

The following 3 figures show the simulation results for silver wires of 127 |am 

diameter submerged in 70-140 US sieve impact beads 2W580 from Potter industries [25]. 

Unfortunately only two comparable shots were available. One of the shots shows 

evidence of breakdown to the fiise wall after the fiise has exploded. The primary energy 

source was a 48.6 ^F capacitor charged to 30 kV. Capacitor, ftise, and load current are 

shown in Figure 3.33 to Figure 3.35. 
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Figure 3.27: Capacitor current (measured and simulated) for TTU data set II 

time [us] 

Figure 3.28: Fuse current (measured and simulated) for TTU data set 11 
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Figure 3.29: Load current (measured and simulated) for TTU data set II 

3.8.12 Analysis of data from TTU (Set III) 

The following pictures show the results of the modeling effort to match 

measurement results with simulation results for aluminum wires in impact beads (70-140 

US sieve, 2W580 Potter industries) [25]. Capacitance, charging voltage, wire size and 

number of wires were 48.6 jiF, 30 kV, 127 [im and 13, respectively. Unfortunately, only 

two good traces are available. 
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Figure 3.30: Capacitor current (measured and simulated) for TTU data set III 

Figure 3.31: Fuse current (measured and simulated) for TTU data set III 
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Figure 3.32: Capacitor current (measured and simulated) for TTU data set III 

3.8.13 Analysis of data from TTU (Set IV) 

For the same wires (size and number) tests without impact beads only with 1:1 

air/SFe mixture at 20 psi were performed. The resulting data from oscilloscope and 

simulation are displayed below. The capacitance was reduced to 16.3 |a,F while keeping a 

voltage of 30 kV. It is obvious from the data that at some point after the explosion of the 

wires, a breakdown occurred inside the ftise. This breakdown however, did not take place 

in axial direction but rather in radial direction to the inside of the flise containment. Due 

to the breakdown the modeling results need to be considered carefully since they are most 

likely inaccurate. 
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Figure 3.33: Capacitor current (measured and simulated) for TTU data set IV 
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Figure 3.34: Fuse current (measured and simulated) for TTU data set IV 
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Figure 3.35: Load current (measured and simulated) for TTU data set IV 

3.9 Aqueous-electrolyte tvpe load resistor 

To ease the evaluation of the fiise performance a resistive load was used. The 

requirement to dissipate powers in the MW range and to provide sufficient breakdown 

potential requires the load to be sufficient in size. Electrolytic resistors (commonly called 

"waterloads') can typically provide both features especially when low resistances are 

required. References [2, 3] provide a good introduction into the subject and discuss 

various types of waterloads. Most commonly used are solutions mixed from water and 

Copper Sulfate Pentahydrate (CUSO4 - 5H2O), sometimes also called Cupric Sulfate 

Pentahydrate. The resistivity of the solution significantly depends on the quality of the 

water used. Figure 3.36 shows the dependence of a copper sulfate solution as a function 

of concentration for different water qualities (demineralized water, [2], and deionized 

water (based on some research at Texas Tech University). To aid the computer-supported 

determination of resistance and concentration the following two equations 3.62 and 3.63 

are given. Concentration is assumed to be given in kg per liter and resistivity in Ohm-m. 

Constants a, b, d, e are given in Table 3.5. 
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p{c) = ac' 

c{p) = dc' 

3.62 

3.63 

Table 3.5: Constants to determine resistivity and concentration for aqueous-electrolyte 
type load resistor 

Solution 

Copper Sulfate [2] (demineralized water) 

Copper Sulfate [TTU] (deionized water) 

Copper Sulfate [3] 

a 

10.96x10"^ 

8.61x10"^ 

8.95x10-^ 

b 

-0.82 

-0.72 

-0.75 

d 

6.57x10"^ 

3.32x10"^ 

3.94x10'^ 

e 

-1.22 

-1.39 

-1.34 

Figure 3.37 shows the technical drawing of the waterload that was used in 

conjunction with the inductive energy storage. The load is enclosed in a coaxial stainless 

steel containment, about 12" in length and 6" in diameter. The actual nylon containment 

for the electrolyte solution is emerged in transformer oil to increase breakdown potential 

and to avoid surface flashover. It is absolutely imperative to use copper as electrode 

material to avoid erosion and contamination of the solution [3]. The resistance of the 

copper sulfate solution is somewhat dependent on the frequency of the applied signal. To 

ensure a proper resistance value, it should be measured with a signal with comparable 

timing. The data taken at Texas Tech is measured with a 20 kHz square-wave signal. The 

resistivity is, in addition to its frequency dependence, also dependent on the temperature 

of the solution. Figure 3.38 and Figure 3.39 show photos of the actual electrolytic load. 
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Figure 3.36: Resistivity of a copper sulfate solution as a fianction of concentration. 
Legend: demineralized water (dots), deionized water (dash), reference [3] (solid). 

Figure 3.37: Cut-away drawing of water load arrangement 
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Figure 3.38: Photo of water 
load arrangement 

Figure 3.39: Close-up of water load with view of the 
electrolyte containment 
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CHAPTER 4 

RAPID COMPACT HIGH VOLTAGE 

CAPACITOR CHARGER 

4.1 Introduction 

The previous part of this dissertation dealt with the concept of discharging a 

capacitor to produce "pulsed power." A capacitor is typically the energy storage of choice 

for pulsed power application. They provide a convenient self-contained package with a 

number of great advantages including high energy density, high di/dt, high peak power, 

and are fairly easy to use since they only require a closing switch to trigger the discharge. 

Since many pulsed power applications require voltages in the kV - lOO's kV range and 

since the energy stored in the capacitor is proportional to V\ the capacitors need to be 

charged to voltages well above what is typically available from the utility grid, batteries, 

or other sources. A number of applications also require repetitive discharges to be 

efficient. 

The following part of this dissertation will address this issue and discuss various 

charging method in general terms and will focus on the rapid capacitor charger developed 

at Texas Tech University [37, 38, 39]. The three main components; control electronics, 

IBGT inverter, and high-voltage rectifier will be addressed in more detail. The discussion 

will include a new method to determine the minimum required transformer volume, the 

micro-controller implementation and controls, and will show data taken from the system 

designed at Texas Tech University. 

4.2 Methods of charging 

Capacitors can be charged in a number of ways. Namely, by resistive charging or 

constant voltage charging, by constant current charging, resonant charging, and by a 

method called hard-switching. The main distinguishing points are charging speed, energy 

dissipation, and complexity. The methods are organized by complexity with resistive 

charging being the least complex method. The following sub-chapter will address all 

mentioned charging principles in general terms and will address the hard-switching 

60 



method in more detail since it is the chosen method for the rapid capacitor charger 

developed at Texas Tech University and subject of this discussion. 

4.2.1 Constant voltage charging 

Constant voltage charging is probably the easiest way to charge a capacitor. 

Figure 4.1 shows an example of the charging principle. The charging voltage Vo can be 

supplied by either a DC source with sufficient voltage or can be generated by a step-up 

transformer and a rectifier. The current into the capacitor and the voltage across its 

terminals are given by 

'n{') = ^e-

^cv{f) = ^li{t)dt-K 
' \ 4.1 

\-e ' 

where r = RC. The power dissipated in the resistor is independent of its resistance and 

always equal to the amount of energy delivered to the capacitor. Figure 4.2 shows the 

normalized capacitor current and voltage, as well as the power and the energy delivered 

to the capacitor as a flinction of time (normalized by l/r). After about 5r, the charging 

cycle has finished and the capacitor has reached its maximum voltage. However, after 

only about 2.5 r, the capacitor has reached about 86% of its charge. 

e 
1:N 

Ft 
-VWV—I 

R 

^ 

Figure 4.1: Example of a constant voltage charging circuit 
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Figure 4.2: Capacitor current, voltage, power, and energy traces for constant voltage 
charging 
Legend: all values normalized, -x- capacitor current, -n- power delivered to 
capacitor, -0- energy delivered to capacitor, -+- voltage across capacitor, -o-
energy dissipated in resistor. 

4.2.2 Constant current charging 

The charging setup for the constant current charging case is shown in Figure 4.3. 

The constant cun-ent source can be realized by measuring the voltage across a charging 

resistor and feeding the voltage back into a voltage controlled voltage source. The voltage 

across and the current into the capacitor is then given by 

/ , , ( / ) = /, 
occ 

""cc 
(f\_ occ " ' 

^' c 

4.2 

If the charging current locc is equal to the average charging current for the constant 

voltage charging case where 

Iocc=icv{t)-jr,r^ocVe''^t = = - • / , OCV ' 
4.3 
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then the charging times are equal. If it is fiarther assumed that charging is finished after 5T 

and the charging resistors for both cases are equal, then the ratio of dissipated energies is 

given by 

R-](\-l,,,\ dt 

R-hocr 

— ' - ^ — = - = 40% 

--Y 5 
e ' dt 

4.4 

and means that constant current charging is 60% more efficient than constant voltage 

charging for the same charging time and charging resistor. Thus the constant current 

charging will only dissipate about 20% of the total energy. 

Voltage 
regulator 

—VWV-*-i 

R 

Figure 4.3: Example of a constant current charging circuit 
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Figure 4.4: Capacitor current, voltage, power, and energy traces for constant current 
charging 
Legend: all values normalized, -x- capacitor current, -n- power delivered to 
capacitor, -0- energy delivered to capacitor, -+- voltage across capacitor, -o-
energy dissipated in resistor. 

4.2.3 Resonant charging/Soft switching 

Resonant charging is closely related to resonant conversion. A typical setup is 

shown in Figure 4.5. The fiall-bridge inverter produces a square-wave voltage that is 

imposed on the Ci-L resonant circuit. The inductance L is typically the leakage 

inductance(s) of the transformer and Ci an additional capacitor. The switching frequency 

is such that its ftindamental/o is close to the resonant frequency/;; of the resonant circuit. 

The amplitude of i(t) and v(t) can be controlled by adjusting the switching frequency and 

therefore /<,. Moving away from /« to higher or lower frequencies will increase the 

impedance of the resonant circuit and thus lowers i(t) and v(t). Main benefits to this 

topology are that the switches can switch during zero crossing of voltage or current. This 

significantly reduces switching losses and electromagnetic interference and the 

converters can operate at significantly higher frequencies. However, looking at the 

fourier representation of a square-wave pulse given by 

4.5 
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shows that the amplitude of the fundamental is by a factor of 4/7t larger than for the case 

of the square-wave pulse thus increasing the conduction losses in the switches which 

makes it necessary to use switches with higher power ratings. It is typically difficult to 

achieve good performance and high efficiency over a wide range of load currents and 

voltages unless some frequency adaptation to the load is used [43, 44, 45, 46]. 

Figure 4.5: Example of a resonant charging topology 

4.2.4 Hard switching 

Hard switching is probably the most commonly used way of switching. Erickson 

in [43] provides a list of converters that use hard switching. Some of the most well 

known converters are the Buck and the Boost converter. The meaning of "hard-

switching" comes from the fact that the switches are actuated under load conditions, e.g., 

while conducting current and having to withstand high voltages. This is especially the 

case during turn-on and turn-off. Figure 4.6 illustrates the problem. While the device 

switches from the off-state to the on-state current starts to flow while the device has not 

turned on completely. This will lead to high dissipation of powers in the switch. The stray 

inductances and capacitances of the circuit add to the problem by creating large voltage 

and current spikes during the switching transitions due to the otherwise desired fast 

switching speeds. They also cause ringing of the circuit after the switching transition, 

which could lead to some electromagnetic interference. However, if appropriate measures 

are taken, e.g., by using snubber-capacitors and/or free-wheeling diodes, these problems 

can be minimized. Since switching losses cannot be avoided and since they occur for 

each switching cycle, the average power dissipation will increase with an increase in 
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switching frequency. If the conduction time is much larger than the switching time, the 

switching losses will not be a main contributor compared to the inherent conduction 

losses. An example of a hard switching converter/inverter in full-bridge topology is 

shown in Figure 4.7. 

K K K I ^f=?F 

D q D I D—B-

n D I D 

Bi eii 

K X I X 

O D I D 
time 

Figure 4.6: Illustration of the switching loss mechanism 
Legend: -x- voltage across switch, -n- current through the switch, -o- power 
dissipated in the switch. 

This technique uses IGBTs (Insulated Gate Bipolar Transistors) as switches. To 

provide a path for continuous current flow during switching cycles, free-wheeling diodes 

are built into each IGBT. However, what is sometimes overlooked is that there is no path 

for continuous current flow from the DC power source. Thus with typical switching 

speeds even small inductances in the DC supply path can create large transients that are 

capable of exceeding the voltage ratings of the switches, thus destroying the device. For 

high switching frequencies with large load currents, a low-inductance bus-bar design is 

tantamount for reliable converter operation. 
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Figure 4.7: Example of a fiill-bridge hard-switching inverter 

4.3 Basic charging principle utilizing an IGBT full-bridge inverter 

The paramount problem when charging a high voltage capacitor from a low 

voltage DC source is how to step the voltage up, especially for large step-up ratios. For 

low step-up ratios, a number of DC-DC converters such as a Boost-Converter or a Cuk-

Converter can be used. For large step-ratios, only a transformer can be utilized 

efficiently. However, the problem is that transformers do not work at DC. Thus, an AC-

source needs to be created and the stepped-up power needs to be rectified. A generic 

capacitor charger based on that principle is shown in Figure 4.8. The main building 

blocks are the inverter, the transformer, and the rectifier. The inverter generates a square 

wave voltage with a fundamental frequency offs that is step-up by a factor of Â  by the 

transformer and rectified by the rectifier to provide DC power to the capacitor. 

The frequency at which the inverter is to operate is a matter of choice and mainly 

influenced by the following points: 

• Transformer size: For a step-up transformer the peak flux density is directly 

proportional to the peak output voltage divided by the frequency. Thus, a lower 

frequency equals higher peak flux density. Once the flux reaches the core's 

saturation limit the transformer becomes strongly non-linear and a high primary 

current will flow as a consequence. It is imperative to avoid saturation of the 

transformer core since the effect will immediately significantly reduce the 

performance of the charger. By avoiding saturation and by increasing the 

switching frequency the core size can be made smaller thus reducing the overall 

size of the transformer. However, a number of points need to be considered while 
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reducing the transformer size. Such as inter-winding voltage hold-off, heat 

capacity, and winding capacitances. Above a certain value an increase in 

frequency does not effectively decrease the transformer size enough to justify the 

effort. This subject is discussed in a later chapter. 

• Transformer losses: Some transformer losses increase with the square of the 

frequency, namely the core-losses (eddy-current losses). Other losses such as 

hysteresis-losses increase linear with frequency. In many applications these losses 

are to be minimized while in others some degree of losses might be acceptable. 

However, all losses will lead to a heating of the transformer. The transformer 

needs to be able to dissipate this heat. 

• Power rating: The frequency at which the switches can be operated strongly 

depends on the type of switch. MOSFETs can operate at higher frequencies than 

IGBTs but have lower power ratings. Thus, more power at lower frequencies or 

less power at higher frequencies. 

• Switching losses: Switching losses are directly proportional to the switching 

frequency and might lead to an excessive heating of the switches. 

• Resonant frequencies: Higher switching frequencies are most likely closer to 

some resonant frequency in the system. Transformers with large turns-ratios 

typically have larger inter-winding capacitances and thus a lower self-resonant 

frequency. The switching frequency should be considerably smaller than the 

resonant frequency of the transformer. 

• High switching frequencies create all kinds of problems associated with 

electromagnetic interference. 

A compromise needs to be found to accommodate all the points mentioned above. This 

compromise is certainly application specific and might require an iterative process to 

determine at what frequency the drawbacks start to dominate. 
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Figure 4.8: Schematic of the charging principle utilizing an IGBT H-bridge inverter 
configuration 

One of the problems associated with capacitor charging is that initially the 

capacitor acts as a short, thus drawing a large current. Steps need to be taken to limit this 

current. The leakage inductance of the transformer serves as a natural low-pass filter with 

high damping for high frequencies. Thus, by initially providing only short pulses to the 

transformer instead of a full square-wave signal, the current will only reach a certain peak 

value limiting the current flow into the capacitor. When the capacitor voltage comes up, 

the pulse-width can be increased to compensate for the rising capacitor voltage. 

Theoretically, by adjusting the pulse-width (or duty-cycle) in the right fashion the peak 

current can be kept at a certain level for some portion of the charging cycle until the 

maximum pulse-width is reached. Thus making the capacitor charger a "constant current" 

charger during the first part of the charging process and a "constant voltage" charger 

during the last portion of the charging process. Providing the switching signals to the 

switches will require sophisticated control mechanism that most likely demands the 

utilization of a DSP or microprocessor. 

4.4 System implementation 

Figure 4.9 shows a general schematic of the system designed at Texas Tech 

University [37, 38, 39]. A 3-phase variac (variable auto transformer) serves as the 

primary power source that powers the DC-bus through a flill-bridge rectifier (not drawn) 
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and provides the 80 - 250 V necessary to operate the charger. However, the power source 

does not necessarily have to be an AC-source and could also be some type of battery that 

provides sufficient voltage. A direct utilization of AC power without going through a 

rectifier would require a cycloconverter, which in turn would increase sophistication of 

the switches and would also require a synchronization to the source. The hard-switching 

is accomplished by the IGBT (Insulated gate bipolar transistor) inverter switching at the 

frequency/s. The transformer steps the voltage up by a factor of 168, which is rectified to 

DC by the following rectifier to provide DC power to the capacitor. The switching 

signals as well as other control signals are generated by an HC12 microprocessor. They 

are typically PWM signals with variable duty-cycle between 0% (off) and 50%) (fiill 

power). It is imperative to provide switching signals that are purely AC over two 

consecutive switching cycles since a DC component will lead to the saturation of the 

transformer core. Exactly how the duty-cycle is changed as a fianction of time is greatly 

dependent on the type of load (capacitor, marx-generator), on the maximum allowable 

current by the IGBTs, and the inductance and resistance of the system. Currently, the 

charger does not measure DC-bus and capacitor voltage, but will in future iterations. 

DC 
Bus 

Inverter 

HC12 Microprocessor 

Controls 

Step up 
Transformer 

Rectifier Cap. 
Load 

igure 4.9: System schematic of the hard switching rapid capacitor charger 
Dashed lines indicate future improvements. 
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In an ideal system, the DC bus is stiff, thus does not vary with varying load. 

However, in real systems the bus voltage can drop considerably. If the voltage falls below 

80 V, the DC-DC converter that supplies the charger electronics with power will drop out 

and the charging process will terminate. To avoid this condition, the charger needs to be 

aware of the DC-bus voltage and throttle its power demands accordingly. For the charger 

to be able to stop charging once a certain capacitor voltage is reached requires a voltage 

feedback. Currently, it will charge disregarding the load voltage. 

The following figure shows the current setup of the charger at Texas Tech. The 

transformer is submerged in oil. The H-bridge is in its new circular configuration. The 

white tube is a discharge resistor followed by a triggered closing gap (thyratron). The 

resistors are necessary to avoid excessive EMI caused by the discharge, to avoid 

overloading the thyratron, and to prevent ringing. 

Figure 4.10: Charger setup with new circular H-bridge configuration 

Exactly how a single charging cycle is composed is shown in a timing diagram in 

Figure 4.11. Initially, before the actual charging is done, a delay is triggered. It was 

introduced as an additional measure to ensure operator safety since in the first designs the 

trigger was mounted without insulation on the charger itself This delay is only triggered 

once. The initial delay is followed by the actual charging cycle. The PWM channels are 
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enabled and the switching pulses are delivered to the IGBT drivers. Channel A will 

trigger IGBTs A and channel B IGBTs B. The PWM pulses are always Ts/2 apart. After 

the PWM update time is reached the pulse-width is changed. It repeats until the charging 

time has expired. The PWM channels are turned off and a delay is introduced. After the 

delay a trigger pulse of specified length is generated to trigger a discharge gap or a marx-

generator for example. Another delay-time is introduced to allow for the discharge of the 

load. The entire process starts over at this time if any repetitions are desired, otherwise 

the charging will be stopped. 

The PWM pulses will generate a pure AC square wave with varying pulse-width. 

It is somewhere in between unipolar and bipolar switching. In unipolar switching the 

voltage will jump between 0 and VDC, or 0 and -VQC but will typically not oscillate 

between VDC and -VDC. In bipolar switching the voltage will always change from positive 

to negative without an intermediate step at 0 voltage. This AC square wave is imposed on 

the primary transformer winding and will cause the primary current rise limited by the 

leakage inductance of the transformer. The peak current will be higher with longer pulse 

width. Thus, by adjusting the pulse width the peak current can be controlled. 

The operator via a trigger unit isolated with a fiber optic cable triggers the entire 

charging remotely. This will allow for floating operation of the charger without exposing 

the operator to any risk of electrical shock. 
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Figure 4.11: Illustrated switching waveforms 

4.5 Micro-controller implementation and controls 

To facilitate the complex switching procedures necessary to operate the rapid 

capacitor charger, a DSP or micro-controller is necessary. The following chapter will 

address the micro controller in use, will discuss the implemented assembler code in some 

detail, and talk about the supporting MathCAD® worksheet. All three features together 

provide a good base for future improvements and easy adaptation of the charger to 

different charging situations. The last chapter will address initial results of an attempt to 

optimize the duty-cycle as a function of various system parameters such as peak current, 

peak conduction losses, peak temperature, transformer stay inductance, winding 

resistance, and load capacitance. 

4.5.1 HC12 implementation 

The charger operation is controlled by a microprocessor from the HC12 family by 

Motorola® (MC9S12DP256). It provides a number of key features that are necessary for 

effective charger operation. These features are [42]: 
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• 256 kB of flash EEPROM, 4 kB of EEPROM, and 12 kB of RAM. This allows 

the storage of large tables, e.g., to store complex duty-cycle patterns, user 

inputs, and other necessary information. 

• Two 8 channel Analog-to-Digital converters with 10-bit resolution. The A/D 

converters enable for example the feedback of load voltage and DC-bus voltage 

measurements. 

• 8 channel IC/OC enhanced capture timers. Which provide the capability to 

trigger multiple independent timer interrupts. 

• 8 PWM channels with programmable period and duty-cycle. These channels 

produce the actual switching signals for the IGBT drivers. Two channels 

combined provide 16-bit resolution with in turn will increase temporal 

resolution. All channels can be controlled individually. The PWM unit of the 

HC12 also provides a new feature that has great impact on the charger lifetime 

and operator safety, and is called "Fast emergency shutdown." Upon an 

incoming signal on the associated input-pin, all PWM channels are turned off. If 

this is coupled to the error output of the IGBT drivers, the PWM generation is 

turned off immediately following a fault situation. This action is independent of 

the running assembler code and only needs to be enabled. 

• Two asynchronous serial communication interfaces. These will allow for an 

implementation of a user interface with display and keypad. This is especially 

useful for a ftature stand-alone version of the charger where no re-programming 

of the HC12 is desired. 

• Convenient package from Axiom Manufacturing. This package provides the 

clock signal and other connectivity to the HC12 processor and enables the fast 

replacement of the module. It is currently necessary to insert this module into a 

programming board to re-program it with different assembler code. In future 

iterations it will no longer be necessary to unplug this "personality module" to 

do so. The module is shown in Figure 4.12. 

The basic core-structure of the micro-code that supplies all necessary signals to the IGBT 

drivers and trigger generators is implemented in assembler language. It is supplemented 
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by a MathCAD worksheet discussed in the following chapter. Figure 4.12 shows the 

operational principle of the code. Upon power-up of the module the code is automatically 

executed and initializes timers, modulus counters, and PWM generators. It then awaits 

user input to trigger the charging operation. As Figure 4.11 shows, the typical charging 

cycle is divided into 6 (5 after the initial cycle) parts. A separate counter plus one counter 

for the number of repetitions represent each part. 

Z ' "MIODE-SUITCH , 
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RESET 
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Figure 4.12: HC 12 Personality Module (to scale) 

After a countdown is completed, a number of corresponding events are triggered. 

After a counter has counted down to zero it is bypassed until the charging cycle has 

completed and the counters are reset to their initial values. Following the completion of 

any number of repetitions, the system goes back into its wait-state to await a user input to 

restart the charging process. All counter values are subject to user input and can easily be 

adapted to the charging requirement. Since it is imperative for the charger operation to 

initially limit the current to appropriate values, it is necessary to be able to adjust the 

duty-cycle during the charging process. A counter that is only actuated during the 

charging cycle facilitates this. It triggers a subroutine that reads the next duty-cycle value 

out of a 1000 word (16 bit) long table and thus theoretically provides a duty-cycle 

resolution of 2''^. However, for high switching frequencies (here: 20kHz) the period time 

for each individual charging pulse is only about 600 PWM clock-cycles, thus limiting the 

maximum duty-cycle value to 300 for a 50%) maximum, which is still 0.33%) resolution. 

A small resolution is especially important during the first charging cycles since the peak 
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current is strongly dependent on the pulse-width. The counter cascade for the overall 

charging process is periodically triggered by a modulus-counter interrupt with the 

modulus-counter being triggered by a timer interrupt. Both modulus counter and timer 

are programmed for maximum resolution. For normal operation no changes to the 

assembler code need to be made. It only needs to be re-compiled to include three 

additional files that include all the necessary parameters and tables to make it operational 

for the new charging situation. All desired changes are made in a user-friendly MathCAD 

worksheet discussed in the following chapter. 

76 



r ̂ start 

' 
Enable IRQ 
Enable MC 

Set up PWM 
Enable ESD 

Enable interrupts 

' 

) 

IRQ 

1 
Disable IRQ 

Set up counters 
Enable MC 
PWM ON 

Enable MC interrupt 
Interrupt return 

- 1 i Initial delay coimter 

=0':' 

Decrement 

=0? 
N 1 Y 

1 
r 

Charging counter 

=0? 

Decrement 

=0? 

1 N Y 

1 

. 
Turn PWM on 

Load DC 
Reset PWM 

Enable output 

Interrupt return 

PWM counter 

Decrement 

=0? 
N 1 Y 

1 

, 

Enable OFF 
PWM OFF 

Reset DC pointer 

Interrupt return 

r 

-

Load new DC from 
Table and write into 

PWM registers 

, 
Interrupt return 

1 
1st delay counter 

=0? 

Decrement 

=0? 
N 1 Y 

1 

1 

Trigger enable ON 

1 

1 — 

Trigger counter 

=0? 

Decrement 

=0? 
N Y 

1 

Interrupt return 

4 

Trigger enable OFF 

1 : 

2nd delay counter 

=0? 

Decrement 

=0? 
N 1 Y 

1 

Interrupt return 

r 

repetition counter 

Decrement 

=0? 
Y 1 N 

' 

1 

Disable mod-counter 
Trigger OFF 
Enable OFF 
PWM OFF 

' 

' 
Interrupt return 

. 
Reset Counters (w/o 
initial delay counter, 
repetition counter) 

PWM ON 
Set DC 

Reset PWM 
Enable output 

Interrupt return 

Figure 4.13: Flow diagram for HC12 assembler code implementation 

77 



4.5.2 Supporting MathCad® code 

To provide easy access to the various charger settings a MathCAD worksheet was 

developed. It makes it relatively simple to make complex changes to the assembler code 

used to operate the charger. All six parts of an individual charging cycle (initial delay, 

charging time, PWM update time, P' delay time, trigger period, and 2"" delay time) can 

be adjusted separately. It also allows the change of the PWM base frequency and the 

adjustment of the number of repetitions. Another very helpftil part is the ability to choose 

different duty-cycle ramp-up ftinctions. The choices are: constant, linear, exponential, 

and optimized. "Constant" will hold the duty-cycle at a constant value during the entire 

charging cycle. In cases where large charging resistors are used this might be a sufficient 

choice. If "linear" is chosen the duty-cycle will be linearly ramped up from an initial 

value at the beginning of the charging cycle to a final value at the end of charging cycle. 

"Exponential" will increase the duty-cycle from an initial value to a final value in an 

exponential fashion with a specified time constants. The "optimized" option is built in 

for two reasons. It provides a convenient place to include arbitrary duty-cycle ftinctions 

and to link to a separate worksheet that does involved charger simulations including 

thermal modeling of the device junction. The greatest advantage of the worksheet is its 

ability to directly write assembler code including comments. It writes three files with 

user-defined settings as PWM base frequency, user-defined values as counter/ timer 

values, and the duty-cycle table. All three files are automatically included into the main 

assembler code upon re-compilation. An example of the generated code is presented in 

Figure 4.14. The top page of the MathCAD worksheet is shown in Figure 4.15. 

TCharge 
TDelayl 
TTrigger 
TDelay2 
TPWMUpdate 
TInitDelay 
Repetitions 
PWMESD 
PWMRSRT 
TClock 

EQU 
EQU 
EQU 
EQU 
EQU 
EQU 
EQU 
EQU 
EQU 
EQU 

12000 
1200 
1200 
1200 
12 
24000 
10 
1 
0 
12000 

Charging time [50 ms] 
F i r s t delay time [5 ms] 
Trigger time [5 ms] 
Second delay time [5 ms] 
PWM repra te [20 kHz] 
I n i t i a l delay time [100 ms] 
Number of r e p e t i t i o n s [10] 
PWM Emergency shotdown [Enabled] 
PWM r e s t a r t a f t e r fau l t [Disabled] 
Trigger r ep - ra t e [10 Hz] 

Figure 4.14: Example assembler code generated by the MathCAD worksheet 
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Mathcad code for Rapid Capacitor Charger 
Tammo Hecten, TTU, P3E, 10*7/2003 

Units: ms • 10" ̂  sec 

Charger Setup: 

ptocessoi clock 

inrlial delay time 

charging time 

lir^l delay time 

trigger length 

si?cond delay time 

PWM frequency: 

Trigger frequency 

charging repetitions: 

PWM rampup fun.rtion 

other PWM parameters 

M̂  > 10 sec 

ECUDCK:- 24 MHz 

TINITDLY . 100ms 

TCHARGE - 30ms 
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TTRIGGER = 5ms 

TDLin .= 3ms 

PWMCLOCK ,= 20kH2 

TRlOCLOCK.-IOHz 

REPETITIONS - 10 

PWMFuncbon 
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. 3 0 ( j j ! 
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Linear 
Logartthmic 
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PWMConslMit = 30% 

PWMStert = 13% 

PWtJi'Eai - m% 

PWMt = Id) ms 

PWMEjnergencyShutdown ' 

PWMRestart -
r ON 

TCHARGE + TDLYl + TTRIGGER + TDLY2 = 0.063 s 

PWM Emergency Shutdown 

P V M Restart after fault 

total charging periode. 

Define optimized duty cycle function: 
It needs to be calculated with the "Optimized DC mcd' worksheet 

3 

3 

6 

004 

~~3 

constant 

linear, logarithmic 

liniiai, logarithmic 

logarithmic 

r ON 

vsODC 323133 

-413874607 

3.67S X lo ' 

-2966 y lo ' 

^3 487x10'"^ 

Figure 4.15: Top page of the rapid capacitor charger supporting MathCAD® worksheet 
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4.6 IGBT Inverter 

The IGBT inverter is the heart of the rapid capacitor charger. It currently houses 

the entire control and switching electronics. The assembly is shown in Figure 4.16 from 

the top and in Figure 4.17 from the side. It consists of two separate, round boards with all 

control electronics on the upper board and the switching electronics on the bottom board. 

The boards are 20 cm in diameter and the total height is roughly 13 cm. To improve bus 

buffering the on-board energy storage capability was greatly increased to about 1 kJ. All 

storage capacitors are located on the lower board. The following sections will discuss the 

inverter in greater detail. Initially the printed circuit board layout is addressed followed 

by a presentation of the thermal model of the IGBTs including a PSpice model. The 

thermal model is discussed in more detail with an evaluation of long-term and short-term 

power input and the possibility of utilizing the average power input over a single 

charging pulse for computational purposes. The HC12 and its incorporation in the 

charging process were discussed in the previous chapter. 

Figure 4.16: Top view of current Figure 4.17: Side view of current inverter 
inverter board board 

4.6.1 PCB Design 

The printed circuit board design of the IGBT inverter is illustrated in the four 

following images. The controller and the H-bridge are implemented as separate boards. 

The controller board houses all control electronics like isolated inputs/ outputs, fiber 
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optic inputs, HC12 personality module connections, 3 DC-DC converters, IGBT drivers, 

and various isolation barriers to protect the electronics. The top layer shown in Figure 

4.18 houses most of the electronics for easy access. The two optically isolated inputs can 

be used for example for feedback implementation. Two fiber-optic inputs are provided to 

enable the remote triggering of the charger action with an isolated trigger module. The 

primary DC-DC converter mounted on this side of the board provides 15 V with an input 

from anywhere between 70V and 300V to the IGBT drivers and the supplementary DC-

DC converters mounted on the bottom of this board shown in Figure 4.19. One of these 

15V - 5V converters provides power to the HC12 and its electronics, and the other 

converter powers the isolated analog inputs. In addition to the converters, the bottom side 

of the board also houses the IGBT drivers. The second board of the charger displayed in 

Figure 4.20 is mounted underneath the controller board and contains the actual H-bridge, 

the low inductance bus, 12 buffer capacitors, and 2 fast snubber capacitors. The bulk 

storage capacitors are mounted in a circle around the IGBT switches and the snubber 

capacitors in between the two IGBTs close to the DC inputs. The IGBTs are mounted on 

the bottom side of this board shown in Figure 4.21 



Fiber optic reset 
and IRQ inputs 

Optically 
isolated 
analog 
inputs 

Isolation 
barrier 

HC12 
Personality 
Module 

Primary 
DC-DC 
converter 

Figure 4.18: Top layer of controller board seen from the top 
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secondary DC-DC 
converter powering 
theHC12 

secondary DC-DC 
converter powering 

the analog 
inputs 

Auxiliary 
15V input/ 
output and 

isolated lOs 

Figure 4.19: Bottom layer of controller board seen from the bottom 
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DC-bus power input 

Bulk storage AC output 

fast buffer 
capacitors 

Figure 4.20: Top layer of H-bridge board seen from the top 
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Figure 4.21: Bottom layer of H-bridge board seen from the bottom 

4.6.2 Thermal model for IGBTs 

One of the factors that determines device lifetime and reliable device operation is 

the temperature of the junction Tj. The theoretical maximum junction temperature is 

reached when the intrinsic charge carrier density is equal to the charge carrier density due 

to doping. For lightly doped silicon with about lO''* cm"̂  doped charge carriers this 

temperature is about 280 °C. However, for many semiconductors the maximum 

temperature given in the data-sheets is typically much less than that. For the 

semiconductor given in this application (SKM 300GB063D) the maximum junction 
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temperature is 150 °C [40]. In addition, in typical semiconductors the power dissipation 

increases with temperature. For above-mentioned semiconductors the dissipated power is 

given by 

^cw(^/ 'A>'-25/ , . -110-^/ , , - r^+2.675IO-^/ , .^+1.310-^/ , ,^ 7; 

4.6 

Semiconductor devices typically consist of a number of different layers of different 

materials that have different thermal resistances Re in [K/W] and capacitances Ce in 

[W-s/K]. It is convenient to view the resulting cascade of thermal resistances and 

capacitances as an electric circuit model of cascaded R, C components. An example is 

shown in Figure 4.22. 

T R, 
^vwv-

P(t) (1 

T, R, T, R, T4 R, 

-̂ ww- -̂ ww-
T5 R, T, R. To,. 

25 "C 

C, C: C, c. Cr, 

Figure 4.22: Typical electrical circuit model for simulating the junction temperature of a 
semiconductor 

The power input into the junction is modeled as a current-source and the resulting 

voltages are equivalent to the temperatures that will establish in the different layers. The 

equivalent resistances and capacitances for the SKM 300GB063D IGBT can be found in 

Table 4.1. For long-term (>2.5 sec) power input into the junction, the temperature reaches 

a steady state value given by 

TAPcond) = Pcond-Y.Re=Pcond-^-^'^-
4.7 

Thus, for a maximum junction Temperature of 150 °C and a room temperature (case 

temperature) of 25 °C the maximum steady state conduction losses are about 1390 W 
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(Datasheet: 1350 W). The thermal response of the different layers for a long term power 

input of 1350 W over 2.5 sec is shown in Figure 4.23. After about 1.5 sec the virtual 

junction temperature reaches its steady-state value of about 150 °C. However, for short-

term application the dissipated power can be considerable higher without exceeding the 

rated maximum junction temperature. The thermal response for a power input of 6600 W 

for 0.05 sec is shown in Figure 4.24. Thus, for pulse applications with low duty-cycles 

the current through the IGBTs Ic can exceed the rated value. Therefore, by accurately 

modeling the junction temperature and by exceeding the maximum rated current, the 

charging times for the application discussed here can be reduced to some degree. How 

much will depend on various system parameters as resistance, inductance, capacitance, 

and repetition rate. 

Table 4.1: Thermal resistances, capacitances and time constants for Semikron® SKM 
300GB063DIGBT[4I] 

Re [K/W] 
Ce [W-s/K] 

Te [sec] 

I 
0.00475 

0.II8 
0.000562 

2 
0.002287 

1.144 
0.002617 

3 
0.010946 

1.611 
0.017635 

4 
0.039287 

1.046 
0.0411 

5 
0.032677 

2.301 
0.075179 

6 
0.00001 
2.8-10' 

277.9483 

To calculate the junction temperature directly from the conduction loss history 

without having to solve the resulting differential equation system equation 4.8 is given 

[41]. 

Ar(/̂ ) = Z 
q=\ 

(n-n-.)Z^.. 
'Q-'t-> ^ 

\-e 4.8 

It is obvious that the virtual junction temperature can swing considerable about 

the average temperature. Since temperature cycles have significant impact on the lifetime 

of power semiconductors and an excessive amount will damage it even if the rated 

maximum temperature is not exceeded. 
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2.5 3 
time [sec] 

3.5 4.5 

Figure 4.23: Thermal response of various interface layers of a Semikron SKM 
300GB063D IGBT for a long term power input of 1400W into the junction. 
Legend: -x- Tj. -+- Tj. — T3, -0- T4, -o- T5, -n- Te 

0.2 0.4 0.6 0.8 1 1.2 
time [sec] 

1.4 1.6 

Figure 4.24: Thermal response of various interface layers of a Semikron SKM 
300GB063D IGBT for a shot term power input of 6600W into the junction. 
Legend: -x- Tj, -+- T2, — T3, -0- T4, -o- T5, -n- Te 
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In simulations with a large number of cycles the computational effort to solve the 

differential equation system for Figure 4.22 or equation 4.8 becomes very large and it 

would be of great benefit to be able to consider only one data-point for each cycle. 

However, this needs to be considered careftilly as Figure 4.25 illustrates. It shows the rise 

of the virtual junction temperate as a ftinction of duty-cycle. The average power is in 

every case 500 W. For a repetition rate of 200 Hz the peak temperature rise is very much 

dependent on the duty-cycle and the final temperature rise is much lower than if the 

semiconductor would dissipate a constant 500 W. Thus, in this case the entire power 

profile needs to be considered when calculating the virtual junction temperature. The 

repetition rate for the application discussed here is currently 20 kHz and will be even 

higher for ftiture iterations. The situation is in this case quite different from the above. 

Figure 4.26 shows the thermal response of the junction as a ftjnction of duty-cycle for a 

repetition rate of 20 kHz for an average power input of 500 W per cycle. Here the peak 

temperature does not significantly exceed the final junction temperature since the 

increase is quite well buffered by the heat capacitance of the junction itself Also, the 

final temperature for all three different duty-cycles (5%, 10%, and 50%) does not differ 

appreciable from the junction temperature achieved by an equivalent average power input 

of 500 W for the full cycle and will as well be true for greater power input. Thus, in this 

case it is justifiable to only consider the average power input for one cycle, which, in turn 

will significantly reduce the computational effort and makes it feasible to track the 

temperature for the entire operation time of 2000+ cycles. 
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Figure 4.25: Rise of virtual junction Temperature for different pulse-lengths with same 
average power of 500 W for T=5 ms. 
Legend: Duty-cycle: -x- 5%, -+- 10%, -D- 50%, -0- 100% 

0.25 

0.15 -

o. 
E 

0.05 

0.3 0.4 0.5 0.6 
normalized time 

Figure 4.26: Rise of virtual junction Temperature for different pulse-lengths with same 
average power of 500 W for T=50 |a.s. 
Legend: Duty-cycle: -x- 5%, -+- 10%, -n- 50%, -0- 100% 

4.6.3 Thermal PSpice Model for IGBTs 

To include the thermal model for IGBTs in PSpice simulations of the charger a 

PSpice model was developed. The model is pictured in Figure 4.27. The voltage 

controlled current source Gl introduces a current into the junction that is equivalent to 

the voltage level at input Pj. To isolate the temperature response of the junction from any 
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current draw through the temperature output Tj the output is isolated by an voltage 

controlled voltage source. The case temperate TCase is defined as a model parameter and 

can be changed outside the model. 

E1 

•ih 
<Zri> 

G1 
RI 
•V\A-

R2 

I 0.00475 
01 ! 02 

0.1181 1.144 

1 

R3 

0.002287 0.010946 
031 04 

1.611i 1.046f 

R4 

0.039287 
05 

2.301 

R5 R6 
/ ¥ AV-

0.032677 I 0.00001 vi 
06j_ -

2.779e7T {@TOase} 

Figure 4.27: Equivalent electrical circuit PSpice model for thermal response of IGBTs 

4.7 High voltage transformer 

The high voltage transformer is one of the main functional blocks in the charger. 

It steps the low AC-voltage up to high AC-voltage with a step-up ratio of about 180:1. 

The problem with transformers with high turns-ratio is that the inter-winding capacitance 

and winding-core capacitance is high, thus reducing the self-resonant frequency if the 

transformer. The capacitance is proportional to A'̂  (the square of the turns-ratio) and 

inversely proportional \o p^ (the square of the number of winding layers), thus having two 

windings with half the turns-ratio will decrease the capacitance by a factor of 16. It can 

be reduced even ftirther if the individual winding are rectified individually and the 

rectifiers are connected in series to yield the same voltage gain as with a single winding 

transformer [45]. The transformers used for this application are therefore multi-winding 

transformers with a single primary winding and, in this case, six secondary-windings. To 

appropriately model the charger setup, measurements of the characteristic elements of 

two transformers were performed. The results with a detailed description of the 

measurement setup are discussed ftirther down. Later, the efforts in building a compact 

high-voltage transformer/ rectifier assembly are presented followed by a presentation of a 

new approach in computing the optimal transformer volume especially for applications in 
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burst environments. Concluding are a discussion of common loss mechanisms in 

transformers and the discussion of a PSpice model for the transformer currently used in 

the charger. 

4.7.1 Measuring characteristic circuit elements 

Figure 4.28 shows a typical equivalent circuit model of a transformer. 

Disregarded are the core losses typically modeled with a resistance parallel to M'. The 

resistances RDCP and RDCS' model the winding resistances of the primary and the 

secondary winding. Primed values are values references to the primary side of the 

transformer. The leakage inductances due to incomplete coupling of the flux into the core 

are modeled by the inductances Lieakp and Lieaks '• The magnetizing inductance, which is 

due to a finite reluctance of the core material, is included into the model by a parallel 

inductance M'. To account for the step-up/down ratio the model is followed by an ideal 

transformer. Even though the model only shows a transformer with single primary and 

secondary windings it can, for measurement purposes, also be applied to transformers 

with multiple output windings. However, if a multi-winding transformer is modeled care 

must be taken with regard to isolating the windings from each other. This particular issue 

is discussed ftirther down. 

RnCf 

• A A A ^ 

Ideal 
Transfomier 

Figure 4.28: Equivalent circuit of a transformer 

The primary winding resistance Rocp and the sum of the leakage inductance and 

the magnetizing inductance Li is determined by measuring the primary side with all 

secondary windings open. The setup is shown in Figure 4.29. By applying DC and AC to 

the primary side both values can be measured. 
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Figure 4.29: Measurement setup to determine RDCP and Li for the primary winding 

The same procedure can be used to determine the winding resistance and the sum 

of leakage inductance in magnetizing inductance for each secondary winding by keeping 

all other windings open. Figure 4.30 depicts the setup. 

Ip=0 Rrxp 

"'-WW 
M 

V„ L,. 

t ^ 

Rix> I. 
AAAAr-"" 

L, V. 

-. f 

RTO\ 

L2 V, 

- • 
Figure 4.30: Measurement setup to determine RDCS and I2 for a single secondary winding 

From the previous measurements, RDCP,RDCS, Lieakp+M and Lieak.+M are known. 

However, for a complete model the magnetizing inductance needs to be known 

individually. To accomplish this, the following two measurements shown in Figure 4.31 

and Figure 4.32 are necessary. The first one will determine Lri=Lieakp+2M+Lieaks and 

RDC=RDCP+RDCS, and the second o n e Lr2=Lieakp-2M+Lieaks and RDC as above . 

1 RD 

"-AA/W-

V 

Figure 4.31: Measurement setup to determine RDC and Lri for the primary winding in 
positive series with a single secondary winding 
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Figure 4.32: Measurement setup to determine RDC and Lr2 for the primary winding in 
negative series with a single secondary winding 

From all four measurements, the following set of equations is given: 

L^=L,eakp+M 

L2^L,eaks+^ 

Lr^= Lieakp +^M + Kaks 

Lr2^L,^akp-^^ + L,^ks 

4.9 

By subtracting Lr2 from Lri, the magnetizing inductance can be found. 

^ ^ 4 i _ ^ 4.10 

And after M is known, both leakage inductances can be calculated. The coupling factor k 

is given by 

k^ 
M 

v A' ^2 
4.11 

and should ideally be unity but is <1 for every real transformer. The effective turns-ratio, 

which is based on electrical quantities and not on the physical turns-ratio, is evaluated 

with 
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4.12 

The effective turns-ratio should be close to the physical turns-ratio for coupling 

coefficients close to unity. After the turns-ratio is known, all primed values such as M ', 

Lieaks', and RDCS' can be determined. The actual effective number of turns of on the 

primary and the secondary can easily be found by adding a single temporary turn to the 

transformer. The effective turns-ratio of the primary and all the secondaries can then be 

determined. However, a problem arises if the transformer has a large turns-ratio and the 

precision of the measurements are not accurate enough such that the larger inductance is 

known with an accuracy of at least the smaller inductance. A number of different 

attempts were made and the best results where obtained using a "transformer-fixture" for 

the HP LCR-meter. Initial measurements of total inductance (leakage plus magnetization 

inductance), magnetization inductance, turns-ratio, and winding resistance, were taken 

and averaged over 256 measurements. To obtain high precision results, an average for all 

six secondary windings was taken and the following measurements were referenced to 

this average. The difference value was again averaged over 256 measurements and the 

fmal difference value was added to the average, thus yielding higher precision results. 

All measurement results for the old transformer shown in Figure 4.33 and for the 

2"^ transformer shown in Figure 4.34 are given in Table 4.2 and Table 4.3, respectively. 

The column named "Avg" gives average values for the six output windings. All values 

are measured by using a frequency of lOkHz and a voltage of IV. The second 

transformer simply has a core cross-section of Vi that of the first transformer, thus it is 

about Vi its size. Figure 4.34 shows the transformer in an oil bath with the six-stage 

rectifier attached to the secondary windings. 
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Figure 4.33: Original transformer 

Table 4.2: Results of inductance and resistance measurements on 1st transformer 

U . k + M | H | 
M | H | 

Turns-ratio 

RDC i n i 
Turns 

N 
k 

Lkak | H | 

Pri 
90.5n 

038m 
5 11 

4 07n 

Secl 
69.18m 
2.47m 
28.10 
148 

141.98 
27 89 
0.987 

0 563m 

Sec 2 
68.49m 
2.44m 
28.17 
1.89 

142,33 
27 86 
0.978 

0.629m 

Sec 3 
68.35m 
2 42m 
28.28 
2.49 

142 83 
27 96 
0.974 

0 637m 

Sec 4 
68 40m 
2.41m 
28 39 
3.27 

143 35 
28 06 
0.97 

0 657m 

Sees 
68 55m 
241m 
28.52 
4.26 

144.05 
28.20 
0.967 

0.656m 

Sec 6 
68.79m 
2.41m 
28.67 
5 55 

145.68 
28.52 
0.964 

0.206m 

Avg. 
68.63m 
2.45m 
28.34 
3.16 

143.37 
28,06 
0.973 

0.558m 

fRe. |HZ| 

C E , | F | 

lOgk 
534n 
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Figure 4.34: 2nd transformer in oil 

Table 4.3: Results of inductance and resistance measurements on 2nd transformer 
_̂____ 

U . k + M | H | 
M|H1 

Turns-ratio 

RDC m i 
Turns 

N 
k 

L|e«k (H| 

Pri 
91 9\x 

0.32m 
5.27 

1.35LI 

Secl 
71 53m 

2.58m 
28.09 
1.05 

146.23 
27 74 
1.007 

-0.082m 

Sec 2 
70.51m 

2.54m 
28.17 
1 45 

146.49 
27 78 
0.996 

0.047m 

Sec 3 
70 37m 

2.52m 
28 27 
1.97 

146 86 
27.85 
0 992 

0,124m 

Sec 4 
70 42m 
251m 
28.30 
2 67 

147 33 
27.94 
0.988 

0.197m 

SecS 
70.71m 
2.5Im 
28.50 
3.59 

147 89 
28 05 
0.986 
0 22m 

Sec 6 
70.83m 

2.50m 
28.65 
4 90 

148.52 
28,17 
0.981 

0.293m 

Avg. 
70 73m 
2.53m 

28.33m 
2.60 

147.22 
27.92 
0.992 

0.133m 

fR„ |Hz| 
C E , | F | 

l U k 
1.52(1 

4.7.2 Redesign for compactness 

For the Swedish Defense Research Agency (FOI) that funded the research on the 

rapid capacitor charger, it was of interest to see if the charger would successftjlly work in 

conjunction with a compact marx-generator. The test itself is discussed in Section 4.12 . 

For this test the transformer/ rectifier assembly was packaged into a self-contained unit. 

Since it was going to be shipped to Sweden, the assembly had to be fairly rigid and well 

designed. To prevent a breakdown inside the entire containment had to be filled with 

transformer oil. Problems always arise with external connections if oil is to be used. The 
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low voltage AC connections were made with a vacuum feed-through with large copper 

conductors to handle large currents and to reduce resistance. The high voltage outputs 

were realized with standard automotive spark plugs. They are a great low-cost, sealed 

alternative to vacuum feed-throughs. However, the correct type of spark plug needs to be 

used since many modern plugs have a built in carbon resistor in the kQ range, which is 

certainly not desired for this application. Figure 4.35 shows the transformer enclosure, 

originating from a pressurized paint can. The vacuum feed-through for primary 

connections and the mounting hole for the oil valve can be seen. Figure 4.36 illustrates 

the actual transformer/ rectifier assembly. The transformer is mounted on an aluminum 

end-cap that also contains the high voltage outputs and another oil valve. The Lexan 

spacer is used to hold the high voltage connections in place as well as to center and 

stabilize the transformer inside the enclosure. A number of openings are provided for 

good oil-flow. The rectifier is mounted onto of the transformer. The two pipes are used as 

a guide for easy connection of the assembly to the low voltage AC inputs. The entire 

transformer is shown in Figure 4.37. After the transformer is assembled, the bottom 

valve is connected to an oil-supply and the top valve is attached to a vacuum pump. By 

evacuating the air, oil is sucked into the chamber. Occasionally the oil-intake valve is 

closed to reduce the pressure in the compartment. This will eliminate any remaining air-

bubbles in the transformer or elsewhere in the compartment. After the containment is 

filled with oil, the air is evacuated and the oil is allowed to settle. This will reduce the 

amount of air in the oil. The entire assembly is roughly 20 cm (8") in diameter an about 

45 cm (1.5 ft) in length. 
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Figure 4.35: Transformer 
enclosure 

Figure 4.36: Trans-
former/recifier 
assembly 

Figure 4.37: Complete 
transformer setup 

4.7.3 Optimum volume 

In most applications involving transformers, it is more important to minimize 

power losses. The physical size of the transformer is only of secondary concern. 

However, in some high voltage pulse applications the transformer is only used for a brief 

period of time and the heat created by the power loss can easily be absorbed by the heat 

capacitance of the transformer. Of greater concern for those applications are the 

dimensions of the transformer. Power losses that are normally not appreciated are 

tolerated for a reduction in volume and weight. 

The optimum volume of a transformer is the minimum volume of winding and 

core. Assuming constant turns-ratio and switching frequency, the winding volume is 

minimum if the number of primary turns is minimum. On the other hand the core volume 

will be maximum for this condition. Figure 4.38 shows this for a typical E-core shown in 

Figure 4.39. These curves are plotted for an arbitrary transformer, but are in general 

valid. It is assumed that the wire cross sectional area of the primary winding is A'̂  times 

larger than the wire cross sectional area of the secondary winding. This allows for the 
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same current handling capability. Of course the core volume as a function of primary 

turns is highly dependent on the core material and, for a step up transformer, on the 

output voltage. In addition the winding volume depends on the allowable copper losses, 

maximum wire temperature and power transfer. While the volume of the core decreases 

with more primary turns the volume of the windings increases and eventually becomes 

dominant. Obviously the sum of both has a minimum at some optimum number of 

primary turns. However, this optimum number will depend on the rated frequency, output 

voltage, output power, etc. It is the intent of this chapter to address this issue and develop 

an analytical equation for the optimum number of primary turns to make the volume a 

minimum. 

Core/ Winding volume vs. primary turns 

^ -

~::z^^^''^^^^——K )< K 

primary turns 

Figure 4.38: Core volume, winding volume, and total volume as a function of primary 
turns. 
Legend: -x- core volume, -n- winding volume, -o- total volume 
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Figure 4.39: Typical double-E core configuration 

The cross-sectional area of the primary winding is as stated above given by 

fVP ' WS ' 4.13 

The following calculations assume that the center core cross sectional area Ac is square 

and that the windings can be distributed evenly in a square window area ofww^- With 

those assumptions the volume occupied by the core, Vc can be calculated as follows: 

V,{N) = [A,{N) + w^{N).^A,.{N)]-2.h,{N) 4.14 

This volume already includes the volume of the winding that is within the core, e.g., the 

volume of the windows. This needs to be considered for the calculation of the winding 

volume. The additional volume of the winding outside the core is given as: 
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VAdd{N)-(2-Mv,„.„„ (/V) + 4A~{N)).w,„„„^ {Nf .2 . 4.15 

Furthermore all parts of the equations mentioned above depend on the number of turns 

or, with a fixed turns ratio, on the number of primary turns Np. It can be shown that the 

core cross-sectional area Ac solely depends on primary parameters and can be determined 

as follows: 

4 (iVJ = ^ 4.16 

where VPR is the rated primary voltage, /« the rated frequency, BM the maximum flux 

density in the core, and Np the number of primary turns. The window width is defined as 

^w {N) = -yj^p • <^^wp + ̂ s • '̂ •̂ ir.v ^yl2-N-Np-cs^yg 4.17 

and assumes that the cross-sectional area for primary winding and secondary winding 

scales linearly with the turns ratio. That is that the primary winding has the same current 

handling capability (ampacity) as the secondary winding. However, this is not quite true 

since the insulation around the wires does not have to scale with ampacity. Rather, the 

insulation can be thinner on the low voltage, high current side, and thicker on the high 

voltage, low current side. But, since one has to allow for a fill factor or window 

utilization factor K, this assumption is valid in most cases. 

Computation of the height h of the core is straight forward and yields 

h{N,) = p-N-N,-cs^s+^jA{Np)- 4.18 

Combining all equations yields for the core volume 
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:K)=(f^,/?^^^;^.Jf 

yj2-N-N^ p ' ^'^ns + . 
kv 
TV p ) 

4.19 

and for the additional winding volume 

4.20 

where the normalized core area is 

V 
^ ' f f R 4.21 

The total transformer volume is simply the sum of the core volume v4c and the additional 

volume of the windings VAdd- After some algebraic manipulations the total volume comes 

out to be 

Np •cs^,-jj^+4-^2-N-Np-cs^i . + 6-N- 4.22 

This volume has a minimum at some Np. The goal of the chapter is to arrive at a closed 

form solution for Np as a function of the turns-ratio N, the wire cross sectional area csws 

and the normalized core area ACN- The location of the minimum can be calculated by 
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dN, 
Vr{Np)^Q. 4.23 

Differentiation of equation 4.22 gets somewhat complicated and yields a rather lengthy 

solution for the location on the minimum. However, a closer analysis of equation 4.22 

shows that only two of the 4 terms are needed to yield a result that is very close to the 

true minimum. Figure 4.40 shows the traces for both, the total (true) volume and the 

reduced volume, e.g., the volume computed with only two terms. It can easily be seen 

that both minima are in close proximity. 

Total/ reduced volume vs. primary turns 

primary tums 

Figure 4.40: Total volume and reduced volume as a ftinction of primary tums. 
Legend: -x- total volume, -n- reduced volume 

So, instead of using 4.22, the following equation for the reduced volume is used. 

Vrr{Np) = 2-
yNpj 

+ 4-{2-N-Np-cs^sy 4.24 

Differentiation of 4.24 yields 
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- ^ F ( A ^ ) - - J _ f 4 v l ^ A, J 

K^rj Np'. m 
• + . . . 

Np 

... + n-y[2.^.{N.cs,J 4.25 

Solving 4.25 for zero yields 12 solutions, 8 of which are complex and 2 are negative. 

With the two remaining solution being equal to 

_a '^2.{N-cs^,.A,.,f 
/V„. = - • 

2 N-cs,,, 

7V-c\ . ™ 
y V 4.26 

/«-5. M y 

A^ • CSfyg 

where or is a scaling factor that corrects for the in 4.24 neglected terms. For a wide range 

of Â  (20...2000), csws (0.25mml..25mm^), and ACN (15.6cml..0.158m^) a correction 

factor of a = 1.0645 yields results that are within 0.5% (0.2% in almost all cases) of the 

numerical solution. A wide range for ACN accounts for a wide variety of frequencies, 

rated primary voltages, and maximum field strengths. Typically the only real variable is 

the frequency/;;, all other parameters are given by the application itself It is always 

possible to reduce the optimum number of primary tums Npo to a desired minimum by 

increasing the frequency. 

Usually it is assumed that increasing the frequency will reduce the volume of a 

transformer. In general that is true. However, increasing the frequency only affects the 

volume of the core, not the volume of the windings. Thus, at some point it is of no benefit 

to fiirther increase the frequency. It might even reduce the performance since losses in the 

transformer will increase. Increasing the frequency in equation 4.26 will reduce Npo. 

Eventually it will become unrealistically small. To have reasonable flux coupling a 

minimum number of at least 3 primary tums should be used. The transformer will assume 
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its smallest volume if the frequency approaches infinity. Letting/,,, approach infinity in 

equation 4.22 results in a smallest volume possible of 

fll"}7r = yiANp) = ^-^N.Np.cs,,;=4.^^',,^ 4.27 

which is of course the volume of the windings. Figure 4.41 shows the normalized 

transformer volume (normalized to VJM) as a ftinction of frequency for an arbitrary 

transformer. Both, volume as well as frequency has a logarithmic scale. It is obvious that 

at some point no real volume gain can be achieved. The optimum frequency/o after 

which no real volume gain can be achieved can be approximated by 

fo = 
V PR 

B. •cs,., N-Np' 
4.28 

which is indicated in Figure 4.41 by a small circle. 

Frequency 

Figure 4.41: Normalized transformer volume versus frequency. 

Replacing ACN in the equation for the total volume 4.22 with its equivalent from 

equation 4.21 and substituting/; with the solution for fo yields the optimum volume VQ 

(the volume at optimum frequency) and is given by 
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Vo-
( 3 ,1 
l>/2 ) •yl4-N-Np-cs7 • 4.29 

By replacing the rated frequency/« with the optimal frequency/o in equation 4.16 for the 

core cross-sectional area the optimum area for the core can be calculated. 

4 =-7-^^^ = cs„.,-N-Np 4.30 
.fo-B,rNp "^ 

Of course the above discussion simplifies the problem and only considers the geometric 

properties of a transformer. It disregards transformer losses, dielectric strength, heating, 

and such. However, many of these factors can be included either in making csws larger to 

account for more insulation material or by reducing BM to include changes in hysteresis 

due to heating of the core. In any case, above equations allow for a good approximation 

of the transformer size. 

4.7.4 Optimum volume application example 

The following calculations will serve two purposes. They will illustrate the 

application of the previously derived equations and will also show if the transformer used 

in the rapid capacitor charger presented in [37, 38, 39] can be reduced in volume. Figure 

4.42 and Figure 4.43 show the original transformer from the front and the side. 
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Figure 4.42: Front view of original transformer Figure 4.43: Side view of original 
transformer 

The following system parameters are given: 

- Rated primary voltage: Vpp = 250 V 

- Maximum flux density in iron core: BM= 1-5 T 

Initially proposed operation frequency:/? = 10 kHz 

Tums ratio: N = 168 

Initial primary tums: Np = 5 

Cross sectional area for the secondary winding (this includes insulation, 

filling factor, etc): csws = 2.5 mm^ 

Initial transformer volume: V = 4.84-10'^ m^ 

Initial core area: ̂ c =22.2 cŵ  

For the given transformer with core area Ac, the minimum number of primary turns is 

given by equation 4.26 and evaluates to 
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6 2 . 

N = ^ -
'^ PO - ^ 

/V-o-
V 
'PR 

/R-B, M J 

N-cs,,, 
= 2 . 6 6 * 3 . 

Applying this result to equation 4.22 for the total transformer volume yields a minimum 

volume (for the same core area as the initial transformer) of 

V,.^4-p-N-Np^.cs„,- PR 

+6-N-Npo-cs„-s-

= ].76\0-'m' 

JR ' "M ' N PO 

^v, 

-I-2- PR 

J R ' ^M ' '^ PO 

PR 

JR • - " M • NPO 

+ 4-p-N-Npo-cs^, 

which is a reduction in volume by about 64% by simply optimizing for a minimum 

number of primary tums. An additional reduction in volume can be achieved if the 

frequency is increased. Assuming a desired number of primary tums of 3 (any number 

can be chosen) leads to an optimum frequency (see equation 4.28) of 

V 
f — PR 

Jo ~ 

I 

BM-CS^S N-Np 
= 44kHz 

and an optimum transformer volume given by equation 4.29 of 

r 1 \ 
Vo = + 1 

Vvz y ^ 
•^4-N-Np-cs^s =1.1210"'/w'«(l0.4cw) 

which is only about 64% of the volume that was only optimized for the number of 

primary tums and only 23% of the initial transformer volume. The according core area, 

defined by equation 4.30, is 
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A, = cs„., • N • Np^^ = 12.6cm' « {3.6cmf 

and is about 57% if the original core area. 

4.7.5 Loss mechanisms in transformers 

In applications that only require single shot to burst mode operation certain loss 

mechanisms are not as important as others. Typical loss mechanisms in transformers are 

the following [19, 20, 21, 45]: 

• Core losses 

o Hysteresis losses 

o Eddy current losses 

• Low frequency copper losses 

• Eddy current losses in wires 

o Skin effect losses 

o Losses due to proximity effect 

4.7.5.1 Hysteresis core losses 

Whenever a magnetic field is applied to the core material, energy is used to align 

the magnetic regions of the material. By doing this some energy is lost to friction, 

therefore heating the core material. The area of the B-H curve is equal to the power loss 

per unit volume for each cycle. Thus the total power loss is proportional to the frequency. 

P„^Alf\HdB 4.31 

A is the core cross sectional area and / is the mean length of the flux path. Since the 

hysteresis losses are dependent on the frequency they become more important for high 

frequency applications. They also typically increase with increasing magnetic flux 

density B. They are strongly dependent on the core material [20]. 

110 



4.7.5.2 Eddy current core losses 

Lenz's Law states that a current will be induced in a closed circuit such that the 

magnetic flux generated by this current will oppose any change in the magnetic flux 

linking the circuit. This means that any change in flux will generate a current within the 

core material such that it generates a field to oppose that change. This eddy current 

causes a loss of i'R. Where R is the resistivity of the core material. Faraday's Law and 

the associated Maxwell's equation (see Equation 4.32) can be used to determine the 

magnitude of the current. It states that an induced voltage curls around a time-varying 

magnetic flux with the magnitude of the induced voltage being proportional to the 

frequency. Thus eddy current losses are proportional to f̂ . In many core materials like 

power ferrites the impedance of the material decreases with increasing frequency, thus 

resulting in an eddy current loss that increases faster than f. 

VxE^-—B 4.32 
dt 

4.7.5.3 Low-Frequency copper losses 

Low-frequency copper losses are simply resistive losses in the windings. 

However, with many tums of small wire these losses can quickly become significant. At 

low frequencies these losses are independent of the frequency and can be calculated by 

4.33, where R is the resistance of the wire. At higher frequencies, the skin effect becomes 

significant which will be discussed further down. 

P = f.R = ^ 4.33 
R 

4.7.5.4 Losses due to skin effect 

Losses due to the skin effect are due to the same mechanisms as eddy current 

losses in the core. The magnetic flux around the current creates itself eddy currents, 

which try to oppose any change in magnetic flux. In the middle of the conductor, these 

current tend to flow in opposite direction to the main current and tend to flow in the same 



direction in the outside layer of the conductor. This eficctively reduces the area in which 

the current is flowing. The thickness of the layer in which the current flows is dependent 

on the frequency of the current. Equation 4.34 defines the skin depth for a steady state 

current having frequency/ For a pulsed current this depth is somewhat smaller. 

'iv^ 
With this the effective area of a round wire is defined by Equation 4.35. Included into the 

equation to calculate the resistance of a wire and after some algebraic transformations the 

losses due the skin effect can be determined by Equation 4.36. 

A = ;z-r'-;T-(r-S{f)f=2-7z-r-S{f)-;r-S{ff 4.35 

I'lfM 
Ps,n-I-R = 

2.r..k^^^ 

= f-.R^. LJ^^ 
4-p 

4.36 

f-a^ r -p-TT 

4.7.5.5 Losses due to proximity effect 

This loss is only significant if the skin depth or penetration depth (5of the current 

is less than the thickness of the conductor. In a transformer a single winding is wound 

around the core in many layers, with each of the layers carrying the same current. The 

close proximity of the tums can induce mirror currents in the adjacent tums. The currents, 

by Lenz's law, flow in opposite direction. However, the net current through each tum 

needs to be equal to /, therefore, if-/ is induced into the lower part of the second layer 21 

must flow in the upper part of the second layer. This effect continues through all layers 

with each layer carrying more surface current. Since typical copper losses are I'/R, the 
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losses quadruple with each layer, making the copper losses due to the proximity effect 

quite substantial. Figure 4.44 illustrates the proximity effect. 

®®® 

® ® 
0 K 

® 

Figure 4.44: Illustration of the proximity effect 

4.7.6 Transformer PSpice Model 

The PSpice model for the currently used transformer is depicted in Figure 4.45. 

All parameters excluding the turns-ratio can be changed in the model. For primary 

winding losses, leakage inductances, and capacitances, the average values are assumed. 

The model differs from the model presented in Figure 4.28 in a few key points. The 

output windings are isolated from each other by individual ideal transformers modeled by 

a voltage controlled voltage source E and a current controlled current source F. This is 

necessary because they all see different common-mode voltages while in operation. The 

controlled sources already include the turns-ratio, thus the secondary winding resistance 

and secondary leakage inductance are not the primed values but rather the values not 

corrected for the tums-ratio. 
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Figure 4.45: PSpice model for 6-tap high-voltage transformer 

4.8 HV-Rectifier 

To rectify the stepped-up voltage from six output windings of the transformer a 

custom-made made six-stage rectifier from High-Voltage Component Associates is used. 

It is technically six ftill wave rectifiers in series. The rectifier and its arrangement are 

shown in Figure 4.46. Since high-voltage diodes and rectifiers typically consist of multi-

junction diodes the forward voltage drop is usually much larger than the typical 0.7 V 

assumed for silicon diodes. To aid appropriate modeling of the rectifier the diode-

characteristic was measured. The measurement setup is depicted in Figure 4.47. The 

diode is forward biased by a dc-power supply. The resistor R serves two purposes in this 

setup. Its primary purpose is that of a measurement resistor to cause a voltage drop 

proportional to the current through the diode D. Its secondary purpose is to limit the 

current through the diode after turn-on. The measured V-I characteristic is found in 

Figure 4.48. The dashed line indicates an exponential approximation of the measured 

characteristic given by 
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^A. (Vfi,, ) = 1.055X10-^.e"'"''-^ -3.567 x 10"̂  4.37 

The differential resistance as a ftinction of voltage is shown in Figure 4.49 and is about 

17 Q at 300 mA. 

; > - -e 
Figure 4,46: High-voltage six-stage rectifier used with six-tap transformer 
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Figure 4.47: Measurement setup to determine diode characteristic 
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Figure 4.48: Diode characteristic 
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Figure 4.49: Diode resistance as a function of forward voltage 

4.9 System integration for more compactness/ Design evolution 

The system underwent numerous changes to arrive at the current state. The original 

proof-of-concept consisted of a very modular design. Figure 4.50 shows the original 

driver/ controller assembly with power supply (lower right), driver boards (upper left), 

HCI2 with daughter-board (next to the power supply), and the trigger module (next to the 

HC12). The inverter board shown in Figure 4.51 is connected to the drivers by a standard 

printer cable. The inverter itself contained a 3-phase fiall-bridge rectifier, the IGBTs and 

buffer capacitors. The DC bus was designed as a low inductance printed circuit board. 

The utilized step-up transformer was already shown in Figures 4.42 and 4.43. The 

complete setup is displayed in Figure 4.52. The rectifier is built as a single unit and the 

Figure 4.50: Original driver/controller 
assembly 

Figure 4.51: Original inverter setup 
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transformer is at that point not immersed in oil. The capacitor and the discharge resistors 

are to the left of the picture. Due to the size of the original transformer an investigation 

into a distributed-transformer assembly was also conducted, namely the replacement of 

the transformer with 6 standard automotive ignition coils. The setup can be seen in Figure 

4.53. Since the ignition coil setup does not provide a floating isolation of the load an 

additional 1:2 isolation transformer was used. Compared to the original transformer the 

ignitions-coils performed quite well. However this approach was not ftirther investigated 

after a new, smaller transformer arrived. One major drawback of the ignition coils was 

their internal resistance, which ultimately reduced the peak current and caused excessive 

heating of the coils. The following design evolution included a number of changes. The 

control electronics, optical isolators, drivers, and IBGTs was integrated into one single 

inverter board. The transformer was reduced in size by about a factor of 

Figure 4.52: Complete original rapid capacitor charger setup 

Figure 4.53: Complete setup with ignition-coil transformer 

117 



two while increasing the switching frequency from 1 OkHz to 20kHz, and the rectifier was 

placed into the same oil-batch as the transformer. The design was considerably more 

compact and is shown without capacitor and discharger gaps in Figure 4.54 and Figure 

4.55. The following two design iterations ftirther integrated the inverter board by 

incorporating the new modular HC12 microprocessor personality module and two DC-

DC converters. The DC-DC converters make is possible to run the charger directly of the 

DC bus power and no extra power supply is necessary. Also included is an increase on

board energy storage capacitance to help buffer the DC-bus. An image is shown in Figure 

4.56. 

Figure 4.54: 2"** setup with 
smaller transformer 

Figure 4.55: Close-up of 2 inverter setup 
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Figure 4.56: 4th iteration inverter board in its housing for the marx-generator test 

The so far final iteration completely changed the inverter board layout. The better form-

factor was achieved by changing it to a two layer circular circuit board with 

approximately 8 inches in diameter. The upper board houses the control electronics and 

the lower board the IGBTs and the buffer capacitors. A close-up is sown in Figure 4.57 

and Figure 4.58. They show the top and the side view of the charger and also the newly 

introduced fiber-optically isolated floating trigger unit to the left of the charger. 

Figure 4.57: Top view of current Figure 4.58: Side view of current inverter 
inverter board board 

4.10 PSpice system model 

To provide a tool for easy charger evaluation and to have a way to predict 

charging behavior as well as the thermal response of the switches a complete PSpice 
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model was developed. It includes all important building blocks found in the real charger, 

e.g., the switches with their internal resistance, high-voltage transformer with its 

inductances, resistances, and capacitance, the six-tap rectifier, the load, an equivalent 

model of the DC-bus. Even though it models the thermal response of the IGBT junction 

to power input, it does not include the response of the IGBT junction resistance to 

temperature change, and it also does not include an equivalent diode model. The main 

reasons for omission are the stability of the simulation if these features are included. The 

duty-cycle control ftinction is modeled as a piecewise linear voltage source that reads a 

special file upon simulation. A special MathCAD object was developed to write just that 

file. Thus it is possible to simulate any arbitrary duty-cycle ftinction and its impact on the 

charging behavior and the charging. A number of results can be exported into a text-file 

that can be read by another special MathCAD object to post-process the waveforms. The 

results of greatest interest are the capacitor voltage, the capacitor current, the transformer 

current, the switch temperature, and to a lesser degree the DC bus voltage. The complete 

model is shown in Figure 4.59 and simulation results in Figure 4.60. The general 

agreement between reality and simulation is good, however, there are some discrepancies 

in the primary current and the final capacitor voltage. From the temperature trace it can 

be seen that the switch temperature hardly increases. At this point the losses in the 

switches do not seem to be a problem and even if a temperature increase of 3 °C per shot 

were assumed a temperature of 150 °C would be reached after about 40 shots. This in 

tum means that the charger would be able to operate at ftill power for roughly 400 ms. 
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Figure 4.59: PSpice model of the complete charger setup 
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Figure 4.60: Results of shot simulation with PSpice 
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4.11 Overstressing possibilities 

Before talking about overstressing possibilities it needs to be clarified in what 

"overstressing" means. Typically it means overstressing by exceeding voltage or current 

ratings. Voltage overstressing above a certain limit in most cases will lead to an 

immediate failure of the device. Current overstressing typically manifests itself in 

excessive heating of the device. If appropriate measures are taken, e.g., by heat sinking 

the device or by limiting the over-current to a shot time this heating can be controlled. It 

is especially much better controllable then voltage overstressing due to the fact that 

current overstressing manifests itself in excessive device heating. If this heating is 

carefully monitored current overstressing can be safely employed. In the rapid capacitor 

charger there are essentially three components that could be overstressed, e.g., the 

IGBTs, the transformer, the rectifier, and the buffer capacitors. On the other hand, what is 

gained by overstressing? Voltage overstressing a capacitor for example will yield higher 

energy density. With regard to the rapid capacitor charger a minimum volume is desired. 

Thus the overstressing is with regard to the overall size of the charger. From the four 

components mentioned above, the IGBTs, the transformer, and the buffer capacitors can 

be reduced in size if overstressing is used. Rectifiers typically scale with reverse 

breakdown voltage and not with ampacity. The only real gain in volume for the 

transformer can be made, if thinner wires for the secondary windings are used to reduce 

the overall volume, however this will increase the already large resistance of the 

secondary winding. Thus the only real opportunity to gain some volume is to current 

overstress the IGBTs and to voltage overstress the buffer capacitors. For pulse 

applications the current through an IGBT can be many times larger than for the steady 

state case. How much will depend on ambient temperature, heat sinking, charging time, 

and duty-cycle ramp-up to name a few. 

4.12 System Test with Marx generator 

As mentioned in an earlier chapter, the sponsor of this project, the Swedish 

Defense Research Agency (FOI), was interested in a test of the rapid capacitor charger 

with a compact marx-generator. For the test the charger was packaged into a single unit 

containing the inverter board and the transformer/ rectifier assembly. A 20 cm wide 
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aluminum pipe, which provided a perfect housing for the transformer was used. The 

inverter board was mounted onto an insulator and clamped into the pipe as well. 

Mounting the inverter board floating allowed the floating operation of the charger. The 

transformer/ rectifier assembly is discussed in Section 4.7.2. The installation of the 

inverter board is shown in Figure 4.61 and the end-cap with its low voltage DC inputs 

and trigger in/ outputs in Figure 4.62. It was decided to use a metal enclosure to provide 

for optimum EMI shielding since it was not quite clear what impact the discharge of the 

marx generator had on the charger. The high voltage DC output is simply the output of 

the transformer/ rectifier assembly and is shown in Figure 4.63. One of the main concerns 

with operating the charger with the marx generator was that the generator would 

experience voltage reversal at its DC inputs. Voltage reversal would drive the rectifier 

diodes to operate in forward conduction mode and might cause excessive currents to flow 

and to ultimately damage the diode rectifier. To relieve the problem the charger was 

connected to the generator using a charging resistor. In addition a sacrificial clamping 

diode was used to act as a short in case the voltage reverses. Figure 4.64 shows the 

complete setup with the generator in the back and the charger in front. A two-phase 

variac and a ftiU-wave rectifier are sitting in front of the charger to provide primary DC 

power to the bus. An electrically triggered switch was used for safety reasons to short the 

input of the marx generator for the case if maintenance had to be performed. 

Unfortunately no charger data was taken during the test sessions. However, the charger 

performed rather well during the test and through some adverse charging situations. 
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Figure 4.61: Inverter board on insulator Figure 4.62: Low voltage and trigger 
in housing in/outputs of charger housing 

Figure 4.63: High voltage output Figure 4.64: Total marx generator/capacitor 
charger setup 

4.13 Presentation of results 

The following three figures will show various characteristic charger parameters as 

a ftinction of time for a single charging operation. These are the DC-bus voltage VDC, the 

output voltage or capacitor voltage Vout, the current going into the transformer ITX, the 
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output current hm, and the duty cycle ftinction. Figure 4.65 illustrates the impact of 

different duty-cycle ftinctions. All shots where taken with a DC-bus voltage of 125 V and 

a charging time of 10 ms. The different duty-cycle functions are a constant with 50% (ftill 

power), linear ramp-up from 0% to 50% in 10 ms, exponential ramp-up from 0% to 50% 

in 5 ms, and an optimized exponential ramp-up from 14% to 50% in 8.5 ms. The various 

traces are marked by -x- for constant, -n- for linear, -0- for exponential, and -o- for 

optimized exponential. It is obvious that the constant duty cycle charging will result in a 

"constant voltage" charging action with a very high current at the beginning of the 

charging. A linearly changing duty cycle will reduce this initial current but results in a 

fairly high current at about the midpoint of the charging cycle. Adjusting the start and end 

points of the ramp-up can, of course, optimize this. However, using the exponential 

ramp-up yields much better results and a "constant current" charging action can be 

achieved by adjusting start and end values as well as the time constant. That will also be 

the charging ftinction that is used for the illustrations. Figure 4.66 shows the impact of 

increased DC-bus voltage. The traces are 125 V (-x-), 175 V (-n-), 225 V (-0-), and the 

maximum rated voltage 250 V (-o-). For the first 3 cases, an optimized exponential 

charging with an initial duty cycle of \4% and a final duty cycle of 50%) with a time 

constant of 1.7 ms seconds was used. Due to a current limitation the IGBT drivers impose 

on the charging process by triggering a fault shutdown of the charging operation, the final 

charging with 250 V had to be done with an initial duty cycle of 12% instead of 14% and 

the time constant of 1.8 ms instead of 1.7 ms. It is obvious that the peak current lasting 

for roughly the entire charging time is about twice as high as the rated current for the 

IGBTs of 300 A. Figure 4.67 displays four traces with various charging times of 40 ms 

(-X-), 50 ms (-n-), 70 ms (-0-), and 100 ms (-o-). They illustrate a few interesting aspects. 

With optimized exponential charging the initial 10 ms are "constant current" charging 

with a high peak current. It charges the load capacitor to about 75% of the final voltage. 

However the DC-voltage drops by approximately 70 V. The charging then reverts to a 

short period of "constant voltage" charging with its characteristic exponential decrease in 

charging current. At some point, the charging current has dropped to a value that allows 

the DC-bus voltage to slowly recover. This has in turn the effect that the charging current 
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stays almost constant at a fairly low level for a prolonged period of time. The final peak 

voltage after 100 ms of charging is about 38 kV with a peak power of l5kW. If the 

charging is stopped after the first 10 ms the delivered energy would be roughly 150 J with 

a potential of delivering 15 kJ of energy over a period of 1 sec if the charging process is 

rep-rated at 100 Hz. Better performance could be achieved if a stiffer DC-bus is used 

and/or it is heavier buffered. A higher final voltage is obtainable if a transformer with 

higher tums-ratio is employed. Figure 4.68 shows the result of the burst mode charging 

with optimized exponential charging for 10 ms with a hold time of 10 ms and a trigger-

length of 15 ms. A long trigger-length is necessary to ensure that the discharge gap has 

ftilly recovered before voltage is reapplied. It is not a limitation of the charger. The 

current traces need to be considered carefully since they are most likely corrupted by 

aliasing. 
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Figure 4.65: Traces of various charger outputs for different duty cycle ftinctions 
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CHAPTER 5 

SUMMARY AND CONCLUSIONS 

This dissertation has addressed two important technologies in the field of pulsed 

power and power electronics. It has addressed an opening switch based on exploding 

wire-fuse technology and a compact, high-voltage, rapid capacitor charger based on hard-

switching technology. The initial discussion of a generic opening switch used with 

inductive energy storage systems showed that efficiencies about 90% can only be 

achieved with switching speeds faster than 37 times the load resistance divided by the 

system time-constant. Further discussion addressed systems in which the load is 

disconnected from the system with a spark gap, and a system where the load is purely 

inductive. It shows that both, the time at with the load is connected to the system, and the 

type of load, is of great significance to the efficiency of the system. If the load is 

connected to the circuit at voltage maximum across the fuse, the system is at best 40% 

efficient. However, if the load connects to the system at '/a peak voltage the efficiency 

goes up to about 90%). In the case of a purely inductive load the maximum efficiently 

achievable with such a system is 25%, which makes inductive energy transfer into an 

inductive load very inefficient. The main discussion concentrated on the exploding wire-

fuse opening switch. Various types of explosions are distinguished and the three main 

stages during fuse explosion, heating and melting, explosion, and expansion, are 

discussed. Basic fuse sizing mles for cross sectional area and length are given, and a new 

approach in finding the best fuse material is proposed. An extensive table of various fuse 

material used in exploding wire research is given and it is pointed out that gold is most 

likely the best material to use. The influence and importance of the quenching medium is 

discussed and a table of various quenching media is given. To aid the calculation of fuse 

parameters the "equivalent action timescale" is discussed and solutions for primary 

energy sources such as capacitors and magnetic flux compression generators are given. 

For evaluations of circuits involving exploding wire fuses with circuit simulators such as 

PSpice, a new approach in resistivity modeling with a simple set of equations is 

proposed. These equations are generic and can easily be adapted to different materials. 

Material parameters for copper, silver, and aluminum are given, and results of various 
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simulations where shown. Concluding the pulsed power section was a section about an 

aqueous-electrolyte type load resistor including some resistivity-concentration equations, 

and some data taken at Texas Tech University. Great improvements in performance of 

the exploding wire-fuse is most likely only possible with improved quenching of the 

metal vapor. Sophisticated MHD/circuit simulations will be necessary to gain greater 

insight into the interaction of the fuse products with the surrounding medium. 

The second part of the dissertation addressed the development of a rapid, 

compact, high voltage, capacitor charger at Texas Tech University. Basic charging 

principles are discussed with an emphasis on hard-switching. The components 

comprising the rapid capacitor charger, controller/inverter, set-up transformer, and 

rectifier, are addressed in greater detail. The controller/inverter subsection focused on 

micro-controller implementation, including flow diagram and supporting MathCAD-

worksheet, and showd detailed PCB layouts. A thermal model for the IGBT junction was 

developed for MathCAD and PSpice, and the impact of switching speed in demonstrated. 

Measurement principles for the characterisfic circuit elements of the set-up transformer 

are addressed, and results for two different transformers are given. A new approach to 

estimate transformer volume and core area for transformers in burst environments was 

proposed, and efforts in building a compact transformer/rectifier assembly where 

illustrated. In addition basic transformer loss mechanisms where discussed and a PSpice 

model was given. The subsection about the high-voltage rectifier included an illustration 

of the six-tap rectifier and a measurement of the diode characteristic. Further discussion 

focused on the design evolution of the charger, the complete PSpice system model, 

overstressing possibilities, and a system test with a marx generator. Concluding the 

section about the rapid capacitor charger was a display of actual charging data. It 

demonstrated its functionality and reliability for peak powers of up to 15 kW and peak 

voltages of up to 38 kV in single shot or burst mode. The charger has become quite 

reliable and has proven itself also through adverse operation conditions. A number of 

improvements are underway and will make it user-friendlier. 
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APPENDIX B 

EXAMPLE OF A FUSE MODEL 

IMPLEMENTATION IN PSPICE 

The following Figures B.l and B.2 show an example of how to implement the 

fuse model derived in Section 3.8.8. The first figure shows the schematic of the lES 

system at Texas Tech University. All necessary fuse parameters are accessible from 

outside the fuse model EWFusel. The parameters are the same as discussed during the 

derivation. Parameters FuseCS and FuseL are fuse cross-sectional area and fuse length 

(height), respectively. For the given circuit the material is copper and the fuse is to 

explode at current maximum with 63% of the stored energy dissipated in the fuse. The 

following Figure B.2 shows the actual fuse model. Elements Fl, El, R2, R3 resemble a 

voltage-controlled resistor with the control voltage being the resistance. The remainder of 

the circuit it used to implement the resistivity equations. Parameters he, beta, and gamma 

are given for various materials in Table 3.4, a value for he might also be found in Table 

3.1 as well as a value for rohO. The fuse cross-sectional area FuseCS and the fuse length 

FuseL are calculated using equations 3.33 and 3.40, respectively. 

L1 3.5u 

EWFusel 

^'^± IC=30kV 
17uF \ 

J 
foh-

CV) 

fV) 

/:, 

he=1.64e17 
FuseCS=325e-9 
FuseL=207e-3 
beta=21.6 
gamma=145 
kappa=2.3 
rohO=1.70-8 

^P 
!S) 

./ 

R1 
10 

Figure B.l: Example lES system with exploding wire-fuse opening switch 
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if( v(%in)<( {©he) * pwr( {@FuseCS),2)), 
+1 {erohOr(1+{®beta)*pwr(V(%iny( {(ghe) • pwr( {@FuseCS},2) ),{@kappa})) 
• ^ {©rohO) ({@beta)+exp( ((v(%ln)-«@he) • pwr( {@FuseCS),2 ))) / «@he) * pwr( {@FuseCS).2 ) ) ) ' {©gamma))) 

H1 

i:}<5 
h 

F1 

pwr( V(%in), 2) 
Ov 

Zi 
-| i , R2 

1 

R 3 > 
In ^ t El 

emuK FuseR FuseRoh 

V(%inn©FuseL)/{@FuseCS) 

-<IE> 

-<rfof!> 

Figure B.2: Example PSpice fuse model 

D U(EUFUSP1.FuseRoh) 

Figure B.3: PSpice simulation results using fuse resistivity models 
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