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ABSTRACT 

 

 Helical Flux Compression Generators (HFCG) of a 50 mm form factor have 

been shown to produce output energies on the order of ten times the seeded value and 

a typical deposited energy of 3 kJ into a 3 µH inductor.  By utilizing an electro-

explosive fuse, a large dI/dt into a coupled load is possible.  Our previous work with a 

non-optimized fuse has produced ~ 100 kV into a 15 Ω load, which leads into a 

regime relevant for High Power Microwave (HPM) systems. It is expected that 

~ 300 kV can be achieved with the present two-stage HFCG driving an inductive 

storage system with an electro-exploding fuse. In order to optimize the electro-

explosive wire fuse, we have constructed a non-explosive test bed which simulates 

the HFCG output with high accuracy.  We have designed and implemented a 

capacitor based, magnetic switching scheme to generate the near exponential current 

rise produced by the HFCG.  The varying inductance approach utilizes four stages of 

inductance change and is based upon a piecewise linear regression model of the 

HFCG waveform.  The non-explosive test bed will provide a more efficient method 

of component testing and has demonstrated positive initial fuse results.  By utilizing 

the non-explosive test bed, we hope to reduce the physical size of the inductive 

energy storage system and fuse substantially.  We will discuss the a-priori calculated 

baseline fuse design and compare the experimental results of the optimized fuse with 

the baseline design.  The overall goal will be to create an accurate PSpice model 

applicable to higher current systems utilizing the Electro-explosive Fuse. 
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CHAPTER 1 

INTRODUCTION 

 

 In today’s technologically advanced society, the need to focus on interrupting or 

destroying electrical systems is a key strategy to non-lethal  defense systems. Most 

relevant systems including communications, guidance systems, computers, vehicle 

management, and handheld devices all require the use of electronic components.  All 

these systems can be interrupted for brief periods or even permanently disabled by the 

application of an intense electromagnetic field in the vicinity of the system.  The 

application of these fields can either be a single large pulse delivered or a series of lower 

amplitude pulses, and can be generated from a variety of devices that are classified as 

High Power Microwave (HPM) devices.  An HPM device generates highly focused and 

intense microwaves which can cause electrical breakdown to occur across a device or 

surface.  This type of effect usually renders the device permanently disabled or severely 

damaged beyond normal operation.  HPM devices utilize a variety of energy storage 

systems to produce the hundreds of kilovolts and tens of kiloamperes with a pulse width 

up to a couple of microseconds (µs) required to drive them.  These systems include but 

are not limited to a Marx generator which utilizes capacitive energy storage (electrical), 

and an inductive energy storage system (IESS) utilizing inductively stored energy 

(magnetic).  These types of systems have several drawbacks including size constraints, 

operational costs, and required electrical availability.  Extensive research in size 
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reduction and increased repetition rates of a Marx generator have been a tremendous 

advantage for this type of system.  Depending upon the application, the construction cost 

of such a device can outweigh these advantages when applicable to in-field military use.  

The IESS requires the use of an opening switch, which is usually a one time use device.  

An exception to this is the use of a Semiconductor Opening Switch (SOS) diode, which 

exhibits lower limitations in current amplitude, reverse voltage amplitude, and recovery 

time [01].  The exploding opening switch (EOS) is another type where the material is 

“exploded” or vaporized away to create a break in conduction.  Some examples of the 

exploding opening switch are the exploding foil switch, the exploding wire switch, and 

the plasma opening switch.  Due to the characteristics of current interruption, these are 

also called explosive fuses.  The physical size of the IESS can be relatively compact, 

where the bulk of the system resides in delivering the energy to the inductor.  There are 

many different types of energy sources capable of seeding the IESS including capacitors, 

rotating machines, kinetic energy devices, and high explosives.  For most field 

applications, size and pulse duration are vital to the performance of the system, making a 

high energy density system with a fast discharge time desirable.  Figure 1.1 displays the 

relationship of discharge time vs. energy density of the various energy seeding systems.  

The relatively high energy density and fast discharge time of high explosives can be 

harnessed through the use of a Flux Compression Generator (FCG).  The FCG unit 

provides a large current gain from the initial seeded current introduced through the 

windings of the generator.  For an FCG to be applicable to an HPM device, the high 

current output must be converted to a high voltage source via the IESS. 
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Figure 1.1: Discharge Time vs. Energy Density [02]. 
 

1.01 Motivation 

The desire to design and implement compact HPM devices has resulted in the use 

of the FCG.  Over the past half-century, the design and optimization of the FCG has been 

examined while the optimization of the inductive load has not been studied in such detail.  

Since the FCG unit is a single shot device, optimization of the load is solely dependent 

upon the reliability of output and the time between shots.  The construction of a typical 

FCG is usually about six to eight man hours resulting in load optimization attempts 

possible every few days.  Another drawback by testing directly with an FCG is the 

dangers associated in using high explosives, such as C-4, while dealing with the 

government regulations of the material.  Previous capacitive discharge systems were 

constructed in order to test and characterize the EOS, but none quite matched the unique 
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waveform delivered to the load by the FCG.  A typical capacitive discharge results in a 

sinusiodal current rise, with the largest dI/dt at low currents, whereas the HFCG exhibits 

an exponential current rise, with the largest dI/dt at maximum currents.  Figure 1.2 

displays the differences between these two types of systems. 

 

 

Figure 1.2: Typical capacitive discharge vs. HFCG discharge  

 
In order to accurately optimize the IESS, it is desired to develop a system capable 

of accurate synthesis of this unique waveform that is also repeatable.  A non-explosive 

test bed for optimizing the flux compression generator inductive energy storage load with 

special emphasis upon the explosive opening switch (EOS) has been constructed to meet 

these specifications.  It should be noted that the principle operation of the EOS is to open 

at the peak current value delivered into the storage inductor.  Thus, the only critical 

element of the HFCG output is the initial rise up until the peak current value.  Any 

actions past the peak value are irrelevant in this type of system.  As basis for design, the 
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IESS utilizes a 3 µH inductor and has been previously tested at output amplitudes of 15 

kA and 45 kA using an FCG.  This resulted in a 60 kV potential (at 15 kA) and a 130 kV 

potential (at 45 kA) across an HPM equivalent load (12 - 15 Ω) [03].  With an optimized 

EOS, a 300 kV potential across the HPM load is feasible with a 45 kA FCG. 
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CHAPTER 2 

THE HELICAL FLUX COMPRESSION GENERATOR 

 

 The use of high explosives requires a system that is capable of converting the 

chemical energy provided into a form of electrical energy.  There are various methods to 

convert chemical to mechanical to electrical energy, some using piezoelectric or 

ferroelectric materials, while others utilize the basic principles of electrical devices.  An 

example of this is the properties of magnetic fields established within the typical 

inductor, specifically examining Faraday’s law:   

t
NEMF

∆
∆Φ

∗−=                           2.1 

 

By changing or compressing the magnetic field within, an electromotive force 

(EMF) is established.  The EMF establishes a potential across the windings, thus 

exhibiting a change in current flow (Lenz’s law).  By changing the magnetic field, which 

is a direct result of work being done on the system, energy is transferred from the 

mechanical system to the electrical system [02].  This is the basic operation of the flux 

compression generator (FCG), where the high explosives are used to cut or compress the 

established magnetic field.  This is accomplished by expanding the armature to the inner 

diameter of the stator as depicted in Figure 2.1, collapsing the space within which the 

magnetic field was established.   
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Figure 2.1: Physical design of an ideal flux compression generator (FCG) and the 
detonation effects over time (armature expansion) [04]. 
 

 

Figure 2.2: Half section view of a dual stage helical flux compression generator (HFCG) 
unit [03]. 
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The design of a helical flux compression generator (HFCG) allows a larger gain 

factor to be achieved while maintaining or decreasing the generator’s size.  This is 

possible due to the larger initial inductance of the generator in comparison to a cylindrical 

designed FCG.  Figure 2.2 displays the typical design of the HFCG with a cut away 

section of a previously constructed dual stage unit.  As previously stated, the rising edge 

of the HFCG waveform is the only critical portion for EOS optimization.  Previous work 

on optimizing the HFCG has yielded the corresponding characteristic equation,  

( )
εε

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛

∗=
⎪⎭

⎪
⎬
⎫

⎪⎩

⎪
⎨
⎧

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
∗∗= runt

t

Iseed
run

Iseed GI
t
tGIti lnexp)( ,              2.2 

and models the rising edge of the current delivered to the load [05].  In this case, Iseed is 

the equivalent seed current, GI is the corresponding current gain factor, ε is the 

exponential factor, and trun is the final run time of the generator.  The calculation of the 

current gain from the determined energy gain is expressed as: 

E
f

i
I G

L
LG ∗= ,                        2.3 

where Li is the initial coil inductance and Lf is the final load inductance of the HFCG.  

The resulting waveforms for a 15 kA and a 45 kA HFCG can be seen in Figure 2.3 and 

Figure 2.4.  Each figure also lists the relevant values to equation 2.2 for future 

mathematical modeling.  These values allow an initial understanding of the HCFG 

operation when coupled with different types of systems.  This will also enable better 

optimization of the inductive energy storage load and the complete HPM system.    
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Figure 2.3: Parameters used during the testing of a 15 kA HCFG and a measured output 
into a 3 µH inductive load with a risetime of 7µs [03]. 
 

OUTPUT 

2.3 kA 

15.2 kA 

4.6 kA/µs 

13.8 kV 

26.5 J 

344 J 

13 

6.58 

1.802 ε, exponential factor 

CurrentGain

EnergyGain

EnergyOutput

EnergySeeded

Voltage 

Max. dI/dt 

Ioutput into 3µH load coil 

15 kA HFCG driving 3 µH inductor (LL)

ISeeded into 10 µH field coil 

trun, run time 7µs 
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Figure 2.4: Parameters used during the testing of a 45 kA HCFG and a measured output 
into a 3 µH inductive load with a risetime of 7 µs [03]. 
 

 

OUTPUT 

6.8 kA 

45.0 kA 

13.8 kA/µs 

42 kV 

231 J 

3 kJ 

13 

6.58 

2.1 ε, exponential factor 

CurrentGain

EnergyGain

EnergyOutput

EnergySeeded

Voltage 

Max. dI/dt 

Ioutput into 3µH load coil 

45 kA HFCG driving 3 µH inductor (LL)
ISeeded into 10 µH field coil 

trun, run time 7µs 
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2.01 Load Optimization 

There are several benefits of using an inductive energy storage system (IESS) 

over the more conventional capacitive energy storage system (CESS) specifically, the 

high energy density of the magnetic field within the inductor.  Historically, it is said that 

the size advantage is somewhere between 10 and 1000 [05].  By examining the ratio of 

electric field to magnetic field energy densities, the IESS could be 1/10 in size compared 

to the CESS.  Unfortunately, this does not account for other components such as power 

sources, switches, and the opening switch [05].  The IESS operates by storing the energy 

of the magnetic field developed by current flowing through an inductor.  This energy is 

then coupled into a desired load by an opening and closing switch.  Figure 2.5 shows the 

basic diagram of an IESS and the method of operation.  The current I1 is used to build 

and store the magnetic field energy in the inductor L.  When switch S1 opens, S2 is then 

closed coupling the stored energy into the load with a large dI/dt rate up to 1013 amp/sec.  

Depending upon the transient time of S1 and the closing time of S2, a large voltage 

increase can be seen.  The IESS can be used to develop extremely high voltages within a 

short amount of time, which would be the ideal system for a HPM device.  The weakest 

part of current systems is the unavoidable opening switch.  The opening switch requires 

current flow interruption which is very difficult to achieve without a re-strike occurring.  

This also limits the transient time of the switch which if it is too slow, stored energy is 

wasted in the opening process.  By examining these parameters carefully, an optimized 

opening switch for the specific application can be designed.  
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Figure 2.5: Basic Inductive Energy Storage Circuit 

 
 The development of the opening switch was reported as early as the late 1950s in 

projects that required high dI/dt rates.  Some of these projects include controlled 

thermonuclear fusion reactors, fast pinches, hypervelocity guns, and accelerators [06], 

[07], [08].  Of course, the use of the opening switch is not limited to these applications; 

however it has lacked large advancement over the years. 

 There are several types and construction methods of opening switches starting 

with the generic foil fuse shown in Figure 2.6.  The foil fuse is usually implemented in a 

parallel plate or a coaxial geometry application.  A portion of the outer or upper 

conductor is removed for a given distance.  Terminal blocks are placed at the end of each 

side to allow connection between the conductor and the thin foil fuse material.  In order 

to “quench” any developing flashover events, a non-conductive material is placed around 

the foil to occupy the void after vaporization occurs.  The drawback of this type of 

geometry is the event of surface flashover that can easily occur across the center insulator 

or even the quenching media.  For applications requiring larger cross-sectional fuses, a 
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cylindrical layered fuse as shown in Figure 2.7 is more beneficial.  For construction, a 

conductor is placed on an insulator.  The length is dependent upon the desired cross 

sectional area needed.  The two are then rolled together creating a multilayered, 

cylindrical fuse.  Another type is the wire fuse depicted in Figure 2.8 which utilizes 

multiple wire strands to develop the desired cross sectional area.  The wire fuse exhibits 

less jitter than a foil fuse since the ohmic heating is more uniform throughout the wire 

and the presence of non-vaporized material has less of an impact upon re-strike 

development.  The wire fuse is more widely used and is capable of handling higher 

current magnitudes [02].  Implementation of the wire fuse in the IESS is the primary 

focus for the opening switch application, and will be discussed further in Chapter 6. 

 

Figure 2.6: Generic parallel plate exploding foil fuse with insulator, quenching medium, 
terminal blocks, and return conductor [02]. 
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Figure 2.7: Exploding cylindrical layered foil fuse with fuse support structure, quenching 
medium, terminal block, and insulating material [02]. 
 
 

 
 
 
Figure 2.8: Exploding wire fuse arrangement for single and multiple wires. Wires are 
mounted on terminal block and surrounded by the quenching medium. A support 
structure might be employed to ease assembly [02]. 
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 There are three types of classifications for the rate of explosion that takes place in 

the fuse.  A slow explosion rate is classified as when the vaporization time is larger than 

the time to develop instabilities in the material.  The instabilities result from localized 

heating or impurities in the material causing localized vaporization to occur.  A fast 

vaporization rate is classified as when the vaporization time is less than the time to 

develop instabilities in the system.  This allows a uniform vaporization event to occur.  

The last type is ablation explosion rate, and occurs when the applied energy rate is higher 

than the energy deposit rate for the material, resulting in layered vaporization.  Similar to 

an onion peel effect [05].  These explosion rates are directly related to the grouped cross 

sectional area size.  For example, in a 4 wire fuse, the cross section of each wire is larger 

than that of an 8 wire fuse.  The foil fuse will usually experience the ablation explosion 

rate, whereas the wire fuse allows more control over the type of explosion rate that 

occurs. 

 Another important component in the fuse operation is the type of quenching 

media used.  In the past, several different types have been tested covering all states of 

matter.  Up until recent fuse testing, typical quenching media was a granular medium, 

specifically quartz or glass beads [05].  The use of gas media has become popular in low 

energy systems, but still requires some examination for higher energy systems. Table 2.1 

below shows the typical quenching media that have been used in past fuse experiments 

[02].  In addition, SF6 gas has been used in studies at Texas Tech University. 
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Table 2.1: Various types of quenching media utilized in fuse experiments [02]. 
 

 

 

2.02 Non-explosive Test Bed Design 
 

In order to optimize the IESS properly, it is desirable to use the intended source to 

ensure proper operation.  Unfortunately, using the HFCG as the primary source for fuse 

development is very impractical as previously discussed in Section 1.01 .  The solution to 

these problems is to design and build a non-explosive test bed that accurately reproduces 

the HFCG output current into the IESS.  As previously mentioned, the characteristic 

Solid

• Granular medium

• Glass beads [09, 10, 11]

• Quartz sand/ power [09]

• Alumina Al2O3 [09]

• Silicon carbide SiC [09]

• Solid medium 

• Polyethlene [09, 12]

• Paraffin [09]

• Mylar [09, 12]

Liquid

• Water [09] 

• N2 [13] 

Gas

• Air [09, 07, 14] 

• O2 [07] 

• N2 [09] 

• He [07] 

• Ar [07] 

• CClF3 (Chlorotrifluoromethane) [07]

Vacuum [15], [07]
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equation for the HFCG (cf. equation 2.2) along with the acquired output data from tested 

units (cf. Figure 2.3 and Figure 2.4) will allow an accurate non-explosive test bed design 

to be developed.  After mathematical analysis of the HFCG output two different test bed 

designs were developed, the dual-staged pulse forming network (PFN) design, and the 

magnetic switching design.  In designing a single PFN system, the simplest method 

would be to use the Fourier coefficients of the HFCG waveform.  An equivalent pulse 

representing the PFN output was developed with the rising and falling edges following 

the HFCG waveform.  By using equation 2.4, the Fourier coefficients were found and are 

listed in Figure 2.9.  By using the coefficients, the proper inductor and capacitor values 

for the PFN can be found.  It should be noted that the coefficients become negative in the 

third and ninth order harmonic, which is problematic since negative capacitor and 

inductor values do not exist.  A believed solution is to charge that branch of the PFN 

negatively but introduces highly complicated switching methods.   

⎭
⎬
⎫

⎩
⎨
⎧

⎟
⎠
⎞

⎜
⎝
⎛∗= ∫

time

n dt
time

tntf
time

B
0

sin*)(2 π                          2.4 

A second method introduces the dual stage PFN where two different PFN systems 

are used.  By evaluating a two-piece linear regression upon the HFCG waveform, the 

correct risetime for each PFN is found and can be used to solve for the proper capacitance 

and inductance values.  The method of operation is that the initial PFN will discharge 

first, followed by the second PFN which is triggered electrically after a certain time has 

past.  Figure 2.10 shows the linear regression slope lines along with the resulting 

summation of the two PFN systems.  The second PFN triggering time is chosen based 
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upon the more accurate model.  In this case, triggering time is the crossing point of Stage 

1 slope line and Stage 1+2 slope line. 

 

Figure 2.9: Fourier analysis of HFCG pulse waveform. 
 
 

 

Figure 2.10: Linear Regression model for the dual-staged PFN system. 
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The second method for test bed design is based upon the principle operation of the 

HFCG.  As the HFCG is detonated, the inductance value of the windings decreases 

resulting in the quasi-exponential rise that makes it so unique.  By implementing a 

controlled changing inductance setup, the HFCG waveform modeling is highly accurate 

and is chosen over the dual stage PFN design.  Figure 2.11 displays the four-stage model 

by the different slope lines for each stage.  

 
 

Figure 2.11: Four-stage linear regression for the magnetic switching scheme. 

 
 Clearly, each design method has advantages and disadvantages to them.  The dual 

stage PFN is easily constructed and controlled via triggered spark gaps, but sacrifices 

some accuracy in reproducing the HFCG output.  The changing inductance method is 

highly accurate but does require switches with less jitter and accurate timing control.  The 

drawbacks and benefits of each type of system will be discussed in more detail during the 

design and construction process. 
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CHAPTER 3 

DUAL-STAGE PFN DESIGN AND IMPLEMENTATION 

 

 The history of the pulse generator stems back to the 1940’s, during World War II.  

Due to the development of the cavity-magnetron oscillator, devices capable of delivering 

high power electrical pulses were greatly needed.  The magnetron required high pulse 

power delivered with a short pulse durations, and high repetition rates.  Research 

originally began at the Radiation Laboratory of MIT which was operated under the 

National Defense Research Committee and worked along side other influential countries 

such as England and Canada [16].  A strong focus was placed upon the development of 

lumped-constant transmission lines or line-simulating networks to generate both high and 

low powered pulses of various duration and shape.  There are several different types of 

line-simulating networks or pulse forming networks (PFN) that have been developed and 

consist of both voltage-fed and current-fed networks.  The voltage-fed network utilizes 

electrostatic field storage devices (capacitors) and a current-fed network utilizes magnetic 

field storage devices (inductors).  The primary focus for discussion at this point is the 

voltage-fed networks but further derivations for the current-fed networks can be found in 

Pulse Generators [16]. 

 The design of the PFN is based upon the summation of different harmonics which 

construct the pulse shape.  Using Fourier analysis, these harmonics for a desired current 

waveform can be determined and are used as a relevant starting point for PFN 
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development.  The odd harmonics of the Fourier series are constructed of sinusoids with 

correct, corresponding coefficients.  By examining the principles of operation for an LRC 

circuit and the discharge waveform (which is typically sinusoidal), the fundamental 

relationship can be seen.  By summing multiple LRC circuits with different discharge 

rates or coefficients, the PFN is constructed.  It is also possible to “shape” the initial rise 

and fall of the pulse, specifically, the trapezoidal wave, parabolic wave, and the 

rectangular wave derivations will be examined.   

 The trapezoidal wave, as in Figure 3.1, exhibits a shape transition point from the 

rising edge to the flat top and then again from the flat top to the falling edge.  The total 

pulse width duration is defined as τ, whereas the rise time is a percentage of the pulse 

width duration, defined as α*τ.  By expansion of the Fourier coefficients equation (cf. 

equation 2.3), the trapezoidal coefficients can be defined as: 
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Figure 3.1: PFN Trapezoidal wave output (alternating-current)  
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Examining the characteristic equation of current discharge for an LC circuit,  
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the values of Lv and Cv can be determined by comparison with the Fourier coefficients.  

For the trapezoidal wave, the Lv and Cv values are defined as: 
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It should also be noted that Zn =Vn / IL is the characteristic impedance of the network.   

 For constructing a PFN with a parabolic wave, equation 3.3 is still valid except 

the coefficients are determined in respect to the waveform show in Figure 3.2.  By 

factoring in the parabolic transition into the waveform function, the parabolic coefficient 

equation is defined as: 
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Figure 3.2: PFN Parabolic wave output (alternating-current) 

 
The resulting network for each type of wave discussed consists of a number of resonant 

L-C sections in parallel as shown in Figure 3.3, and is further known as the Type C 

voltage-fed network or PFN.  By different methods of mathematical expansion, alternate 

types of the basic L-C network are developed. 

 

 

Figure 3.3: Derived form of a voltage-fed network via Fourier series analysis [16] 
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Since these network types are of limited interest in the dual stage PFN system, the 

derivations will not be discussed in detail.  Figure 3.4 shows the different types of 

networks and the corresponding coefficients for designing a trapezoidal pulse with an 8% 

rise and fall time.  The coefficients are multiplied by ZN*τ for inductance values 

(Henries), and by τ/ZN for capacitance values (Farads).  The most utilized and cost 

effective network is an alteration of the Type D network, where equal capacitances are 

employed, and is known as the Type E network.  Since the Type D involves negative 

inductance values, it’s reality of construction is non-existent.  The Type E network 

utilizes the effects of mutual inductance between the L-C section inductors in order to 

account for these negative inductances.  
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Figure 3.4: Equivalent forms of the basic L-C network depicted in Figure 3.3 [16]. 

 
This is accomplished by designing an inductor that sums up to the total inductance of the 

system and exhibits the proper percentage of mutual coupling, where the ideal value is 

15% - 20%.  The single inductor is then tapped off at the correct intervals to achieve the 
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proper inductance per stage.  The adjustment of the inside diameter of the inductor effects 

the mutual inductance with an optimal coil diameter of 3.5 inches calculated using the 

Nagaoka formula for mutual coupling, achieving 15.7%.  Calculations for the mutual 

inductance are found in Appendix B [26].   

3.01 Dual Stage PFN Implementation 

As previously discussed, in order to determine the correct pulse durations for each 

PFN in the two stage test bed, a two part linear regression analysis allows accurate rise 

times to be determined.  Specifically, the first PFN produces 1 kA/µs and reaches the 

peak value of 3.4 kA after 3.4 µs.  The second PFN produces 3.74kA/µs and reaches the 

peak value of 11.6 kA after 3.1 µs.  The summation of the first PFN output and the 

second PFN output creates the second portion of the waveform as seen in Figure 3.5. 

 

Figure 3.5: Linear Regression Modeling/Slope Comparisons [17]. 
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Using the derivations of the PFN design methods and the use of the calculated rise 

times, we were able to construct the corresponding trapezoidal pulse for each PFN.  The 

Fourier series coefficients were used to determine the correct component values needed 

for minimum network impedance, and by examining the current inventory of 

components, slight modifications in the mathematical representation were needed.  Other 

factors that influenced the capacitance values are the maximum charging voltages and 

since 50 kA is the final goal, a high voltage limit was necessary.  For instance, the first 

PFN utilizes a network impedance of 0.56 Ω and requires a charging voltage of 3.8 kV to 

produce the desired 3.4 kA (since a PFN output voltage is half of the charging voltage).  

This results in a capacitance value of 63 µF with a charging limit of 10 kV to be chosen.  

The sectional inductance values are the determining factor of the pulse waveform shape.  

The first PFN has an outer sectional inductance of 4.5 µH (first harmonic) and 5.5 µH 

(fifth harmonic). For the inner sectional inductance, approximately 5.0 µH (second 

through fourth harmonic) is utilized (cf. Figure 3.7).    With the same approach, the 

second stage PFN is designed for a matched impedance of 0.714 Ω and requires a 

charging voltage of 16.5 kV to achieve the desired 11.6 kA and 54 kV for the desired 38 

kA yielding a capacitor value of 10 µf with a maximum charging voltage of 60 kV.  For 

the sectional inductance of the second PFN, the outer inductance is 3 µH and the three 

inner inductance values are approximately 2.7 µH (cf. Figure 3.9).  

It is noted that there is a positive impedance mismatch with the first PFN, 

allowing us to reduce the existing impedance value, permitting us to use the same 

capacitors to achieve the 50 kA output as long as the network impedance is dropped to 
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0.1 Ω.  The most critical portion of recreating the HFCG output is the correct discharge 

time of the second PFN in relation to the first PFN.  The triggering procedure of the stage 

two PFN in relation to the stage one PFN begins with the use of a high voltage probe with 

adequate rise time response, which then triggers a pulse delay generator.   The time delay 

value (2.3 µs) is chosen to trigger to second PFN at the correct moment (3.6 µs after the 

first PFN) and also accounts for any transmission or component delays.  The pulse delay 

generator triggers a 30 kV high voltage pulser causing breakdown to occur in the second 

stage spark gap.   

The discharge of the second PFN into the same load as the first PFN creates a 

voltage and current reversal on the first PFN.  In order to prevent the energy from the 

second PFN charging the first PFN (since PFN 1 Capacitors are rated to 10 kV), a high 

power diode is integrated into the output of the first PFN.  The integration and a total 

system diagram can be seen in Figure 3.6. The presence of the fundamental inductor in 

the stage 1 PFN reduces the instantaneous current change caused by the second stage 

discharge.  By following the charging ratio of 0.54:1 between the networks (found by 

PSpice simulations), the inductor energy storage is sufficient to provide a minimum 

reverse current, thus minimizing the reverse voltage to below 6 kV.  By maintaining the 

determined charging ratio, a diode with a reverse blocking voltage of 6 kV is sufficient.  
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Figure 3.6: Block Diagram of Non-explosive Test Bed Setup, cf. Figure 3.11 for 
equivalent circuit [17]. 
 

3.02 Testing Results 

The testing of each PFN at lower voltages has shown excellent results in 

comparison to the simulated pulse forming networks from PSpice.  By taking into 

account the parasitic values for each portion of the PFN, a highly accurate representation 

of the output waveform can be created and Figure 3.7 shows the addition of the parasitic 

values to the basic form of the Type E network for the first PFN.   Figure 3.8 shows the 

comparison of the output (bold) against the PSpice simulation.   
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Figure 3.7: Stage 1 PFN [17] 

 

 

Figure 3.8: Stage 1 PFN Comparison [17] 
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The waveform can be accurately followed in the rise and plateau along with part 

of the fall as well.  The difference in the fall is accounted by the low discharge/charging 

voltage along with the changing parasitics of the spark gap.  With this modeling, we are 

able to determine accurate future results of each PFN and the overall two PFN setup.  The 

second PFN parasitic representation can be seen in Figure 3.9 while the comparison of 

the output (bold) against the PSpice simulation in Figure 3.10.   

 

 

 

Figure 3.9: Stage 2 PFN [17] 

 
The same effect of changing parasitic components of the spark gap alters the fall of the 

discharge but the rise time and the plateau are successfully simulated. 
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Figure 3.10: Stage 2 PFN Comparison [17] 

 
With the PSpice representations of each PFN, we are able to deduce any changes 

that may be required to produce more accurate waveforms.  For instance, by examining 

the second PFN output, the overshoot cannot be corrected without compromising the rise 

time but the second peak can be removed by increasing the third harmonic inductance 

value.  Since the PFNs are currently mismatched, the simulation profile may be used to 

determine the correct impedance values as well.  After modeling and discharging both 

PFNs individually, the entire system was tested at lower voltages to verify correct timing 

and discharge.  Figure 3.12 shows the two stage discharge of the non-explosive test bed 

producing the desired 15 kA output and Figure 3.13 is the final assembly of the dual 

stage PFN system. 
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Figure 3.11: Final Pspice schematic of the Dual stage PFN non-explosive test bed [17] 

 

 

Figure 3.12: Two Stage Output [17]. 
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Figure 3.13: Final constructed system of the dual stage non-explosive test bed 

   
In this case, the first stage PFN output was 3.2 kA and the second PFN output was 

11.8 kA, resulting in a 15 kA total output.  The discharge of the stage 2 PFN disrupts the 

discharge of the stage 1 PFN temporarily, resulting in a rise time increase of the upper 

portion of the waveform.  The triggering time of the stage 2 PFN is 3.4 µs after the stage 

1 PFN is discharged.  Combined with the 3.3 µs rise time of the stage 2 PFN, a 6.7 µs 

overall rise time is produced. 
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Figure 3.14: First PFN response during Second PFN Triggering   

 
The dual stage PFN system demonstrated the possibilities of using multiple PFNs 

for specific pulse shaping techniques.  The system was able to successfully output an 

approximate representation of the HFCG output but did exhibit many drawbacks.  A 

single and important drawback was the cost and availability of the required first PFN 

reverse blocking diode.  This was considered a high risk component and if failure 

occurred during operation, over-voltage of the first PFN capacitors would result.  Also, 

the examination of unforeseen effects, specifically the discharge termination of the first 

PFN due to the triggering of the second PFN, resulted in poor peak output performance.  

Figure 3.14 displays the effects upon the final output and also the first PFN output.  In the 

end, alternative methods for pulse shaping were examined and at this point the changing 

inductance method was introduced.  Initially, the changing inductance method would be 

used to shape the rising edge of the second PFN system. 
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CHAPTER 4 

MAGNETIC SWITCHING SCHEME 

 

By examining the fundamental characteristics of the HFCG output waveform, the 

switching inductance method was developed.  The HFCG unit has a unique rising edge as 

a result of the collapsing inductance while detonation is occurring.  By applying a similar 

method, the synthesis of the HFCG waveform should be possible.  

It should be noted that simply discharging a capacitor (bank) into the energy 

storage inductance leads to a current waveform that exhibits the highest dI/dt at small 

current amplitudes rather than at high current amplitudes as observed for an HFCG 

driven storage inductance (quasi-exponential current rise). Hence, the test bed was 

designed to utilize a system of capacitors and magnetically switched inductances, which 

produced the quasi-exponential rise of the current output waveform. In order to match 

this exponential rise, a technique of switching inductors sequentially into parallel has 

been developed.  

4.01 Design 

The design of the switching inductance system is based on polynomial regression 

of the output waveform of the HFCG unit.  We chose as our test bed design goal a typical 

second stage output current waveform of a dual stage HFCG, which had a risetime of 7.5 

µs and can be compared to an exponential slope [02]. Particularly, there are four stages in 

the model, and the slope of each stage is the equivalent of an RLC discharge curve, cf. 
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Figure 4.5.  The mathematical model allowed the calculation of the inductance value for 

each stage.  Table 4.1 lists the inductance per stage and the equivalent parallel 

combination during each stage of the model.  The final inductance of the system is 

equivalent to 1.3 µH and is considered the equivalent load of the system.  This inductor 

value is somewhat lower but still typical for an energy storage inductor utilized in our 

previous HFCG experiments. 

 

Figure 4.1: Basic changing inductance circuit schematic 
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Table 4.1: Inductance per stage (L) and equivalent load inductance per stage (L load), cf. 
Figure 4.5.  The equivalent dI/dt for each stage derived from modeling. 

 

Switching scheme Parameters 

 

 

The desired result of the system is to have maximum output current with minimal 

charging voltage and a current risetime corresponding to the HFCG unit.  An overall 

system diagram can be seen in Figure 4.2 where the design and construction begins with 

the PFN system.   

 

3.4 kA/µs 

20 µH 

17 µH 

160 mΩ 

3.72 µF 

dI/dt 

Load Inductance 

Inductance 

Resistance 

Capacitance 

 Stage #1 

1.6 kA/µs 

9.3 µH 

20 µH 

160 mΩ 

3.72 µF 

1 kA/µs 

3 µH 

8 µH 

160 mΩ 

3.72 µF 

0.6 kA/µs 

1.3 µH 

0.550 µH 
 

160 mΩ 

3.72 µF 
 

Stage #2 Stage #3 Stage #4 
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Figure 4.2: Block diagram for the overall system of the non-explosive test bed, cf. Figure 
4.16 and Figure 4.17 for circuit schematic. [18] 

 

The Equivalent Series Resistance (ESR) and Inductance (ESL) values of the 

capacitors were measured by discharging into a short and allowed accurate modeling of 

the capacitors.  The capacitors used (Aerovox PX300D25) have an ESL value of 250 nH 

and an ESR value of 4 mΩ at the relevant frequencies. Through PSpice circuit 

simulation, the best possible combination of load inductance and capacitance with an 

examination of charging voltage, peak output current, and output risetime is determined.  

In reference to Figure 4.2, the PFN’s capacitors are charged to a pre-set voltage before 

the Spark Gap (SG) is closed.  When the PFN discharges, the magnetic switching scheme 

(MS Inductors) is utilized for pulse shaping.  The fuse begins energy absorption, and 

opens up when the deposited energy reaches the fuse’s blow limit [05], [20].  The 

peaking gap (PG) isolates the HPM equivalent load (Load) until the gap’s breakdown 
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voltage is reached across the inductors.  The voltage probes (V probe 1&2) give a 

differential voltage measurement across the load, and a Rogowski coil measures the 

current through the load.  The diode pack is utilized in case the fuse fails to open and to 

prevent ringing. The R1 resistor helps to improve commutation of the diode pack and 

also improves PFN impedance matching. 

4.02 Energy Storage System 

The non-explosive test bed utilizes a capacitive energy storage system, a Type E 

Pulse Forming Network (PFN) shown in Figure 4.3, into which the switching inductance 

technique is integrated [16].  The PFN system is designed for maximum current output 

(minimal load impedance) with the appropriate risetime.  For testing purposes, a 1.3 µH 

air core inductor is substituted in place of the switching inductance scheme.  The output 

of the PFN with this constant inductance load is designed to match the final stage model 

of the HFCG waveform since the system will have this equivalent load inductance value 

at this point. Figure 4.4 shows an Inventor model of the physical construction of the 

three-stage PFN.  In Figure 4.5, the PFN output is matched to the final stage linear 

regression model of the HFCG waveform.  The PFN utilizes a 4 µs risetime (10% to 

90%), and the magnetic switching scheme will be added to shape the initial rise to give 

the total 7.5 µs risetime.  The PFN is composed of seven 1.86 µF capacitors with 2 

capacitors in parallel on the first and second banks, and 3 capacitors in parallel on the 

third bank. The fundamental bank employs the switching inductance scheme as the load 

inductance while the second bank utilizes a 650 nH inductor (L2) and the third stage 

utilizes a 700 nH inductor (L3).  Inductors L2 and L3 are constructed from a single 
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inductor tapped off to the correct values, thus experience mutual magnetic coupling of 

15% (L32). 

 

Figure 4.3: Typical Type E PFN (three stage) schematic with single tapped inductor [18]. 
 
 

 

 
Figure 4.4: Constructed energy storage system / three stage PFN (Autocad Inventor 
model) [18]. 
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Figure 4.5: Initial design of changing inductance load through stages along with the PFN 
output matched to the final 1.3 µH load [18]. 
 

To achieve the maximum current output possible, the PFN is purposely 

mismatched into a minimal load resistance, usually around 200 mΩ, where the correct 

matching impedance is 1.67 Ω.  The mismatched impedance combined with the large 

fundamental inductance value results in a rounded top on the PFN output.  A large load 

inductance value is desired for testing the inductive energy storage method used with the 

fuse.  Typically it is detrimental to the lifetime of oil-filled capacitors to have voltage 

ringing beyond 60% of the charging voltage and as a solution, a free wheeling diode 

assembly is utilized in the PFN system.  The International Rectifier diodes used are rated 

to 1.8 kV and 10 kA (at 1 ms).   The diodes are placed in 2 parallel stacks of 20 series 

diodes in order to achieve a voltage rating of 36 kV.  A single diode pack along with all 

four packs assembled can be seen in Figure 4.6.  The diode assembly is stress tested with 

the PFN and under the short pulse length conditions (maximum of 500 µs) is able to 
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support a repeatable output current of 50 kA.  It should be noted that the proper 

compression of the diode will lead to a long lifetime while operating at the maximum 

levels specified.  Diode clamping is commonly overlooked and results in premature 

failure of components at levels well below operating maximum.  Proper diode clamping 

procedures can be reviewed through various semiconductor manufacturers and should be 

done so in order to prevent costly component failures.  The diodes utilized in the setup 

require a clamping force of 5500 lbs, but it should be noted that this varies upon 

packaging size and current conduction specifications.  For example, the SDD303kt diode 

used in the dual stage PFN setup requires a clamping force of 17000 lbs. 

 

Figure 4.6: Freewheeling diode assembly: Left - Single diode pack drawing (2 parallel, 5 
series diodes). Right - Image of final assembly consisting of 4 packs [18]. 
 

The capacitance of the diodes and the added inductance introduced by the 

connections create a conduction delay, dampening the benefit of the diode assembly.  
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Due to the physical size of the components and the connection lengths it is difficult to 

reduce these parasitic values.  By placing a balancing resistor (R1 = 0.16 Ω, cf. Figure 

4.2) between ground and the output of the system/diode connection, the commutation of 

the diode assembly is improved dramatically.  As a secondary factor, the impedance 

match of the PFN is improved which also reduces voltage ringing.  Overall, the diode 

assembly reduces voltage ringing from 98% to 35%.  Ceramic composite resistors (HVR 

W1528AR16J) are used due to the high and abrupt energy densities produced where 

typical carbon composite resistors failed.  The resistors have an energy rating of 110 kJ, 

measure 152 mm in diameter, and a 25.4 mm thickness with a pulsed voltage rating of 28 

kV in air.  To prevent surface flashover across the resistor, it is placed in a container 

capable of either fluid insulators or pressurized gases (up to 60 PSI), see Figure 4.7.  

During typical operation, the container is pressurized to 40 PSI with compressed air.  The 

outer casing is constructed of 1.27 cm thick Lexan tube and is 31 cm tall. The added 

length allows the possibility of a series stack of resistors to be used without modification.  

Both ends are sealed with rubber o-ring gaskets and are bolted together using 1.27 cm 

diameter all-thread rods.  

  As previously mentioned, the discharge of the energy storage system is dependent 

upon a spark gap switch.  Due to the high energy density experienced at the 45 kA level, 

the typical Lexan casing spark gap was insufficient.  After conditioning the material, (20-

30 shots at 7.3 kJ) structural failure would occur due to the physical stresses within the 

gap during breakdown.   
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Figure 4.7: Power resistor encasement/assembly, cf. R1 in Fig. 1. Operating pressure, 40 
psig air typically [18]. 
 

In order to withstand the physical shock generated, a newly designed spark gap 

constructed of G-10 material is used.  The spark gap is constructed of three, 2” thick G-

10 blocks measuring 6”wide by 6” long.  The outer sections are counter bored 1” with a 

4” diameter and the center is bored through with a 4” diameter.  The center section was 

designed to utilize a third electrode for electrical triggering of the gap.  Since G-10 

exhibits degrading under arc formations, an inner casing of Lexan was constructed.  The 

copper tungsten electrodes were designed to establish a multi-channel discharge event by 

hollowing the centers and reducing the presented surface area.  The arc development will 

be restricted, also restricting the arc resistance, forcing multiple arc channels to develop 

in order to support the given current.  The typical operation of the gap involves 

pressurization which is released for breakdown.  This gap utilizes compressed air in an 

open flow configuration (40 PSIG), which is then terminated by an electronic solenoid.  
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Also, to aid in the breakdown process, helium gas is introduced through the centers of 

each electrode at a nearly even rate when the compressed air flow is terminated.  The G-

10 casing is then held together using ¾” G-10 all-thread to allow complete electrical 

isolation across the gap.  Figure 4.8 shows the constructed spark gap with the Lexan inner 

casing and the copper tungsten electrodes.  A constructed Autocad Inventor model shown 

in Figure 4.9 displays the inner assembled structure and alignments. 

 

Figure 4.8: G-10 spark gap with lexan inner casing and copper tungsten electrodes 
 

 

Figure 4.9: G-10 spark gap assembly with cutaway view (Autocad Inventor model) 
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4.03 Magnetic Switches 

In order for the application of the inductive switching scheme to be successful, a 

reliable switching method must be implemented.  Several approaches were examined 

including spark gaps, Integrated Gate Bipolar Transistors (IGBT), and Silicon controlled 

Rectifiers (SCR).  Since the system would operate at voltages at 10 kV and above, IGBT 

and SCR units would be costly, and the reliability and accuracy of self-triggered multiple 

spark gaps is low, a different switching method had to be implemented.  The magnetic 

switching technique became a viable option since the switching is based upon the 

saturation point of the core material [19].  The operation of the magnetic switch involves 

changing from a very high inductance value to a low inductance value upon saturation.  

Upon full core saturation, the inductance value is equivalent to the air core inductance of 

the windings around the core.  In order to achieve a low core saturated inductance value, 

copper conductor strips with a width ranging from 22.2 mm to 31.75 mm (depending 

upon the core utilized) and a thickness of 0.5 mm were used.  By using wide conductors 

as windings, the Equivalent Series Inductance (ESL) value in the saturated state is 

significantly reduced.  Since the magnetic switches will be in series after switching, a 

parallel-series inductor combination is established and the entire inductor circuit must be 

equivalent to the previously stated load inductance of 1.3 µH.  Figure 4.10 displays the 

parallel-series combination along with the inductance values established by the magnetic 

switches after saturation. The typical unsaturated inductance is in the 100 µH regime. 
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Figure 4.10: PSpice representation of inductance changing circuit (initial simulations). 

 
For simplicity, the magnetic switches are designed to have the same saturated 

inductance value. By calculation of series – parallel combination (circuital analysis with 

one unknown), the saturated core inductance must be equivalent to 550 nH.  The strip 

width was chosen to achieve this value while having negligible fringing effects that 

would still allow proper core coupling.  Due to the width of the copper conductors, the 

maximum number of turns around the core is reduced to 3 ½ turns.  For insulation 

purposes, the copper conductors are wrapped in electrical insulation tape, followed by 

two layers of Self-fusing Silicon rubber insulation tape (McMaster: 7643A46) rated to 8 

kV per single layer.  The assembled magnetic switches for the 15 kA (top) and the 45 kA 

(bottom) are shown in Figure 4.11 below.  The magnetic core halves are held together 

using a stainless steel strap and nylon all-thread rods/nuts. 
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Figure 4.11: Magnetic switch assemblies (saturable inductors) for 15 kA and 45kA 
output. AMCC 630 (7.6 cm wide and 12.7 cm tall) and  doubled AMCC 1000 (21.5 cm 
wide and 17.7 cm tall) [18]. 
 

Based upon the given properties of the core material and the number of windings, 

the time at which saturation of the core occurs can be calculated using the flux density 

equation:  

dttV
AN

B ∫∗
∗

=∆
τ

0

)(1                               4.1 

where N is the number of turns on the core, A is the core’s cross sectional area, V(t) is 

the voltage across the inductor, and τ is the voltage applied time in seconds.  The change 

in flux density (∆B) relationship to the hysteresis curve of the material can be seen in 

Figure 4.12.  For the material used (Metglas® 2605SA1), the saturation flux density 

value (Bs) is 1.56 T while the retentivity (Br) value is 1.03 T.  Further calculations of 

saturation times can be found in Appendix B.  The magnetic switching system was 

designed with the intent of operating from the reverse saturation point to full forward 

saturation.  The system is designed to prevent reverse current conduction through the 
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cores, thus meaning the cores should relax to the retentivity point of the hysteresis curve. 

To start the cores in reverse saturation, the physical connections are designed for quick 

release and allow the cores to be rotated 180 degrees after every shot.  Due to the sharp 

curvature of the hysteresis curve, only a couple of 10s of ns are added to the saturation 

time of the magnetic switch. 

 

Figure 4.12: Hysteresis loop for the 2605SA1 material used [18]. 

 
Since the system was designed to operate at multiple output currents (15 kA and 

45 kA), multiple core sizes are used. For fuse testing at the 15 kA level, the AMCC 630 

cores with a cross sectional area of 14.3 cm2 are implemented.  With an applied voltage 

of 10 kV across the magnetic switch, the saturation time is 1.84 µs, according to the flux 

density equation. For fuse testing at the 45 kA output level, the AMCC 1000 cores are 

implemented.  Since the charging voltage of the system increased by a factor of three (30 

kV) the saturation time of one AMCC 1000 core was insufficient and by doubling the 
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cores, the correct time is achieved.  For the AMCC 1000 cores with a cross sectional area 

of 46 cm2 (2 x 23 cm2) and an applied voltage of 32 kV, the saturation time is 1.80 µs.  

Figure 4.13 below shows the differential voltage across each switch and the effective 

saturation points.  It is noticed that each switch doesn’t immediately saturate, which is 

due to the following inductor in series with the switch.  The series inductor governs the 

rate of saturation for each core and can be seen by the existing differential voltage “tail” 

experienced by each core.  This is a small factor at the 15 kA level since the dI/dt rates of 

the inductors are low.  For the 45 kA, that does present a problem since the inductors 

experience much higher dI/dt rates, resulting in longer full saturation times and longer 

differential voltage “tails”.  The 45 kA switches must be designed to operate with faster 

saturation times without compensating initial hold-off times.   

 

Figure 4.13: Magnetic switch differential voltage and saturation points relative to test bed 
output.  
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4.04 Fuse Interface 

In order to properly design the electro-explosive fuse for an HFCG unit, an 

equivalent HPM load was constructed from a large volume water resistor.  The cupric 

sulfate (CuSO4) water resistor is constructed from a 7.62 cm inner diameter Lexan tube, 

with a length of 25.4 cm between conductors, and has a final resistance of 16.3 Ω.  

Typically to achieve a resistance value this low requires a high concentration of cupric 

sulfate but the solution usually becomes insoluble after a certain concentration.  By 

physically increasing the cross sectional area of the resistor, less cupric sulfate is needed 

to achieve the desired resistance.  For final load simulation, an adjustable peaking gap is 

introduced to couple in the HPM source equivalent load at the proper voltage. The 

breakdown of the peaking gap is dependent upon the voltage gain from the utilization of 

the electro-explosive fuse.  The peaking gap is problematic due to the breakdown being 

highly dependent upon the atmospheric conditions at the time of testing.  For this 

purpose, the gap is filled with a constant pressure of nitrogen (N2) gas.  Another problem 

is the accuracy of gap spacing and the effect upon forward and reverse conduction 

through the load.  If the gap is set too small, the long pulse length (7.5 µs) of the initial 

discharge will cause the coupling gap to break down.  If the gap distance is set too large, 

the high voltage pulse with shorter rise time (< 100 ns) generated by the inductive energy 

storage system will not break down the gap.  For accurate peaking gap control, a closely 

optimized gap distance is established (2 mm) and fine tuning is controlled by pressure 

adjustment of the Nitrogen (typically 25 PSIG).   
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Figure 4.14: Water Resistor (HPM Load) and Peaking Gap.  Optimal gap distance is 2 
mm at 25 PSI of N2 gas. 
 

The fuse envelope is designed for optimization of various factors including 

different quenching media, an easily adjustable fuse length, and rapid fuse construction.  

The envelope is sealable for use with solid, liquid, or gas quenching media, and an 

adjustable all-thread center allows fuse length adjustability without constructing new 

connections, see Figure 4.15.  Typically, glass impact beads (Grainger #2W580/ Ballotini 

#AD (70-140)) were used as the quenching media during fuse testing. 
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Figure 4.15:  Fuse geometry: Left – drawing of fuse holder. Right – Photograph of the 
constructed fuse [18]. 
 

The final assembled test bed is significantly large in comparison to the HFCG 

unit.  The test bed occupies a space of 2.4 m(8 ft.) length by a 1.2 m(4 ft.) width by a 1.7 

m(5.5 ft.) height, where the HFCG has a 50 mm in-bore diameter and a typical length of 

30 cm.  The majority of the size of the test bed is a result of the physically large 

capacitors used.  This is to be expected since the energy storage density of an HFCG is 

much larger than a capacitor. 

4.05 PSpice 

Developing a PSpice model of the non-explosive test bed enables evaluating the 

system’s performance.  By determining the parasitic inductance and resistance values, the 
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test bed was fully analyzed.  The PSpice model along with the matching waveforms can 

be seen in Figure 4.16 and Figure 4.18.  The magnetic switching circuit is a PSpice 

representation of the flux density equation calculation previously discussed.  The model 

accounts for the volt-sec applied to the switch along with the number of turns and the 

cross sectional area of the core material.  Based on this, the PSpice model is used to 

optimize the output as seen in Figure 4.18 through magnetic switching adjustments.  In 

conjunction with the test bed PSpice model, we are able to construct a realistic fuse 

model based upon previous fuse performance and development to estimate the initial 

results of the system.  After improving/decreasing the parasitic inductance from the fuse 

and connections, the performance increased dramatically to closely match the initial 

PSpice model with minor deviations.  The initial fuse model will then be used to simulate 

results at higher currents.  Upon completing the test bed to operate at the 45 kA output 

level, a PSpice reconstruction was also completed in order to compare the two fuse 

operating levels.  Figure 4.17 shows the PSpice circuit for the 45 kA non-explosive test 

bed and Figure 4.20 shows the output of the system and the matching PSpice output 

waveform.  This model was constructed utilizing the same magnetic switching circuit as 

the 15 kA level, and overall system differences include the charging voltage, PFN 

inductance reduction, and magnetic switch designs.  

 55



 

 

 

Figure 4.16: Final circuit for the 15 kA non-explosive test bed with HPM equiv. load and 
peaking gap (PSpice model).  Magnetic Switch PSpice implementation circuit. 
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Figure 4.17:Final circuit for 45 kA test bed with HPM equiv. load and peaking gap model 
(PSpice model). 
 

4.06 15 kA Test Bed Output 

The overall system is broken down into subsystems, which are tested individually, 

integrated into the system, and then tested again within the final assembly.  By testing 

components individually, any discrepancies from the initial design can be found and the 

component re-designed for optimal operation.  These discrepancies are usually a result of 

 57



poor connection style, or unforeseen component parasitics.  Another benefit of this 

approach is the ability to compare the mathematical models and the PSpice models to the 

experimental system.  The first subsystem in testing is the PFN, followed by the magnetic 

switching scheme integration.  The PFN model comparison yielded the a-priori unknown 

parasitic values that are present in the capacitors, connections, and the spark gaps used.  

Performance improvements are achieved by utilizing a stripline connection method for 

the capacitors, using copper connections in place of aluminum connections, and by 

correct component placement for overall system size reduction.  The PFN system tested 

without the magnetic switching scheme yielded an output of 53 kA at a charging voltage 

of 30 kV.  After the magnetic switching scheme is introduced, the series resistance of the 

inductors decreases the output to 50 kA at a charging voltage of 35 kV.  This charging 

voltage is approaching an unsafe operating range due to the voltage ringing still present.   

For this reason, the maximum output of the system is declared at 45 kA at a 30 kV 

charging voltage.   

The initial magnetic switching regime is tested with a single capacitor to establish 

core performance analysis.  Once the proper number of turns and core size is established, 

the switches are integrated into the system.  Various core sizes of the 2605SA1 material 

class were tested and resulted in hold-off times of 500 ns (AMCC 125) to a maximum of 

3.5 µs (AMCC 1000) at a voltage of 10 kV.  The final system integration consisted of the 

HPM equivalent load (16.3 Ω) and peaking gap which was tested with an initial fuse 

design.  The load current along with the peak load voltage is measured by a Rogowski 

coil and a Pulsar (resistance divider) high voltage probe.  The peaking gap is adjusted to 
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achieve the maximum coupling voltage possible while not limiting the risetime.  Since 

the fuse is designed to open at the peak time of the HFCG current output (7.3 µs), only 

the rise curvature is relevant for fuse testing.  For this reason, the waveform matching 

after 7.5 µs is disregarded, and deemed unnecessary.  Once the fuse completely opens, 

the test bed capacitors will have a residual charge which will be discharged by a 

mechanical switch. 

 

 

Figure 4.18: Finalized test bed output with matching PSpice model.  Ideal fuse opening 
time designated at 7.3 µs [18]. 
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Figure 4.19: Final (optimized) output of the Non-explosive test bed and initial fuse results 
with an optimal peaking gap.  Maximum dI/dt at 15 kA test bed output is 2x1010 Amp/sec 
into the HPM load. 

 

The initial results of fuse testing are shown in Figure 4.19.  Due to the properties 

of fuse operation, the resistance increases as ohmic heating occurs within the fuse 

material.  This increase in resistance causes the reduction of output current seen by the 

test bed output with a fuse versus the test bed output without a fuse.  

  

4.07 45 kA Test Bed Output 

 As previously mentioned, the task of constructing the magnetic switches for the 

45 kA output was very challenging.  In order to properly utilize the magnetic switching 

scheme, the original double core design had to be modified.  The primary switch 

exhibited the longest differential voltage decay, thus had to be modified substantially.  By 

decreasing the number of windings upon the switch, the cores are pushed into saturation 

 60



at a much faster rate, and by increasing the cross sectional area (adding another core), a 

successful switch was built.  The primary switch utilizes 2.5 turns and three of the 

AMCC 1000 cores for a cross sectional area of 69 cm2.  The second and third magnetic 

switches operated with the normal double cores but the windings were paralleled to 

reduce the saturated inductance value.  The paralleled windings exhibited the same 

saturation time as a single winding as long as the numbers of turns are equal.  This 

resulted in a summation of flux between the windings, and equated to the same value as a 

single winding.  The output of the 45 kA system does exhibit some deviation due to the 

stated problem of full saturation times.  Figure 4.20 shows the output waveform of the 45 

kA test bed in comparison with the HFCG waveform and the matched 45 kA PSpice 

model.  The system was then tested with a 45 kA fuse and is shown in Figure 4.21.  

Further optimization at the 45 kA level is required and will be pursued in future 

experiments.  

 

Figure 4.20: Finalized 45 kA Test Bed Output with Matching PSpice Model. 
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Figure 4.21: Final (optimized) output of the Non-explosive test bed and initial fuse results 
with an optimal peaking gap for 45 kA.  Maximum dI/dt at 45 kA test bed output is 
5.6x1010 Amp/sec into the HPM load. 
 

Utilizing the test bed, a fuse can be tested about every 15 minutes, which is primarily 

dependent on the fuse setup time. This needs to be compared with the manufacturing time 

of an HFCG (roughly 8 to 16 man-hours) and the explosive test setup time (2 to 3 hours). 

These are considerable time and cost savings that enable varying fuse 

geometries/materials in a wider range than ever possible with a purely HFCG driven fuse 

test scheme. After successful fuse optimization with the test bed, the optimized fuse 

design will be directly transferred to an HFCG based pulsed power source for HPM 

generation.  Final assembly of the non-explosive test bed is shown in Figure 4.22 and 

Figure 4.23. 
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Figure 4.22: Final assembly of the non-explosive test bed for 15 kA and 45 kA (Autocad 
Inventor model). 
 
 

 

Figure 4.23: Final assembly of the non-explosive test bed for 15 kA and 45 kA. 
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CHAPTER 5 

ELECTRO-EXPLOSIVE OPENING SWITCH DEVELOPMENT 

 

 As mentioned in Chapter 2, there are various types of explosive fuses ranging 

from the foil fuse to the multi-strand wire fuse.  The foil fuse exhibits many drawbacks 

and geometry limitations while the wire fuse can be “tuned” to the specific application 

better.  For opening switch implementation with the HFCG, the wire fuse is used.  In 

order to optimize the wire fuse, the principles of operation must be known.  The wire fuse 

utilizes the energy deposited which is a direct result of high current flowing through a 

small cross sectional area of a resistive material (ohmic heating).  By understanding the 

deposition of energy and the effects upon the resistance of the material, an opening 

switch can be designed.  The majority of the derivations for fuse design have been 

presented in other writings, thus, only the immediate fuse design equations will be 

presented here [02], [05], [12], [20], [09], [07].   

 For ease of design and calculation of almost any type of current waveform, the 

equivalent action timescale equation normalizes the integral of current action by the peak 

current action up until time trun.  Thus 
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where Ifuse is the current waveform that is the source for the fuse.  By utilizing the 

equivalent action timescale, the cross section of the fuse material can be calculated, but is 
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dependent upon a scaling factor relative to the rate of ohmic heating in the material [08].  

The equation for the cross sectional calculation is 

finaleq Ittionx ∗∗= αsec ,               5.2 
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The equation above, equation 5.4, is the scaling factor that accounts for the rate at which 

the material transitions from a solid to liquid to the vaporized state.  In the equation, ρ(e), 

is the resistance as a function of deposited energy, energyvap, is the required amount of 

energy to reach the vaporization state, and γ is the density of the material used.  Table 5.1 

lists the various physical parameters for relative fuse materials. 

To calculate the proper fuse length, the correct amount of energy deposited in the 

fuse material in relation to the stored energy of the inductive source of the IESS must be 

examined.  The energy dissipated by the fuse is equivalent to the percentage (v) of energy 

used from the inductive source to drive the fuse to full vaporization.  

sourcefuse WvW ∗=                        5.5 

According to Reinovsky and Heeren, the minimal percentage of energy to be dissipated 

by the fuse in order to reach vaporization is typically v = 63% and is also when peak 

voltage occurs across the fuse. 
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Table 5.1: Physical properties of relative fuse material [05]. 
 

 

 

The derivation for this percentage can be found in Power Conditioning for High Voltage 

Pulse Applications [05] and also in High Voltage Power Conditioning Systems Powered 

0.87, 1.03 a  
[1017 A2⋅s/m4] 

Material 

α 
[10-9 m2/A⋅s0.5] 

RN

dRN
[104 kg/m3] 

β 
[10-3A⋅s2.5/kg⋅m] 

wvap  
[kJ/gm] 

wtotal  
[kJ/gm] 

γ  
[103 kg/m3] 

ρs 
[µΩcm] 

wvap/wtotal

ρl 
[µΩcm] 

Tv 
[K] 

ρv 
[µΩcm] 

cl

[103 J/kg⋅K] 

αρ

[10-10 Ω m/K] 

0.67, 1, 1.8 0.44, 0.9, 
0.59 

Ag Au Al Cu 

1.31, 1.24, 
1.28 

3.3 2.4-3.9 3.3-4.5 1.5-2.8 

4.5 3.16 3.04 3.43 

0.116 0.111 0.074 0.126 
9 3.5 1.2 2 

 

2.32 1.7 10.86 4.7 

2.9 2.1 13.5 5.9 

80% 79% 81% 81% 

10.5 19.32 2.70 8.96 

1.72, 1.68 1.59 2.25 2.77, 2.65 
 

17.2 31.2 10.9 21.1 
 

2428 3081 2740 2843 
 

28* 56* 50* 34* 

1.08 0.26* 0.14* 0.51 
 

0.9 1.4 1.45 0.89 
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by Flux Compression Generators [20].  In order to simplify the equation for fuse length, 

the length proportionality constant, 

αγ
β

∗∗∗
=

total
length w2

1 ,              5.6 

is utilized and gives us the optimal length equation, 

eq
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With these parameters, an ideal fuse can be developed and then optimized using the non-

explosive test bed.  In order to design and create corresponding PSpice simulations for 

easier fuse development and scalability, the understanding of the resistance change vs. 

time must be defined in mathematical form.  For normalization of the temporal current 

behavior upon the cross sectional area of the fuse, Reinovsky defines the integral current 

action as   
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The rate of resistance change is then broken up into two equations, due to the different 

rates of change before and after vaporization.  The change in resistivity as a function of 

time is defined as 
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Where ρo is defined as the initial resistivity of the material, β is the length factor shown in 

equation 5.6 which describes the rate of resistivity change, and he is the vaporization 

point in respect to the integral current action.  The exponent term, B, is the adjustment of 

resistivity change to energy input and can be defined as 

α
βρ ∗= solidB .                         5.10 

After the vaporization point of the material is reached, h(t) > he, the resistivity is then 

defined by the second part of the equation where 

)(eC ρ= ,                         5.11 

Describes the rate at which the resistivity changes as a function of deposited energy. 

 For modeling the effects of a mathematically designed fuse with respect to the 

HFCG output, the output waveform shown in Figure 5.1 is used.  Appendix C contains 

the calculations of all the equations for fuse development.  The designated fuse opening 

time has been set at 7.5 µs, and can be considered the peak of the HFCG output.  This 

value will be adjusted accordingly pending actual experimental results to verify if the 

optimal switching time is at or prior to peak output.  Utilizing equation 5.9, the resistance 

of the fuse with respect to time can be graphically shown, as in Figure 5.2.  It should be 

noted that the fuse does experience an upper limit of resistance which is dependent upon 

the quenching media used and also the relative fuse length.  The parameters A, B, and C 

used in equation 5.9 are listed in Table 5.2.  It should be noted that the parameters for 

gold (Au) have not been measured and will be done so in future experiments utilizing the 
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non-explosive test bed.  The parameters will be determined via PSpice comparisons 

between the results obtained using silver (Ag) as the fuse material.   

 

 

Figure 5.1: HFCG output waveform utilized for mathematical fuse modeling along with 
chosen switching time (at peak). 
 

 

Figure 5.2: The change in resistance as a function of time in relation to the HFCG 
waveform in Figure 5.1. 
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Table 5.3 lists the values obtained through the design equations which are used in the 

resistance model, the fuse design for experimental testing, and the PSpice modeling 

shown in section 5.01.  Variations of these parameters can occur depending upon the 

dI/dt rate applied to the material.  The rate of resistance increase, parameters B and C, 

can change if the correct wire cross section is not chosen.  An example of this is the 

design of a 15 kA fuse that utilizes four wires with an individual wire cross section of 

125 µm.  With a current risetime of 35 µs, the C parameter has a value of 100, where a 

current risetime of 7.5 µs exhibits a C parameter value of 60.  The material exhibits a fast 

explosion rate at the 35 µs risetime, where the 7.5 µs risetime exhibits an ablation 

explosion rate. 

 
Table 5.2: Parameters used in resistivity/resistance modeling.   
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he [1017 
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 Au 

100 

4.5 

36 

1.03 

85 

2.3 

19 

0.59 

118 

2.3 

23.9 

1.6 

Ag Al Cu 
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Table 5.3: Fuse parameters used in modeling and experimental testing. 

 

 

It should be noted that the calculated length is twice that of the proper length for use with 

the non-explosive test bed.  As previously stated, the test bed utilizes an inductance 

source value of 1.3 µH where the length was calculated for the 3 µH source value used 

with the HFCG.  The additional length was used due to fast re-strike while testing with 

SF6 quenching media and was unaltered for other media to allow an accurate comparison 

between the various quenching media.  Future tests will be done at the various lengths, 

including the proper length for the utilized source inductance value and shorter lengths 

for fuse compactness tests.   

 

1.3 

11.3 

4 

0.062 

Source inductance 
(µH)

Length (cm) 

# of wires @ 125 µm 
each

Cross sectional area 
(mm2)

Fuse parameters 15 kA 

1.7 

33.9 

15 

45 kA 

0.185 

Ag Material Ag 

29.4 Initial resistance (mΩ) 29.4 

Glass beads, 
SF6

Quenching material Glass Beads 

 71



5.01 PSpice Fuse Modeling 

For future fuse designs and scalability to higher current systems, a PSpice model 

of the fuse is constructed.  The variable resistance of the fuse is implemented by a voltage 

controlled variable resistor which is regulated by the resistance equation defined in 

equation 5.9.  The resistor is set at the initial resistance value that is obtained from the 

room temperature resistivity value of the material used and the current through the 

resistor is then mirrored to a voltage.  The current value voltage is then applied to the 

integral current action equation (equation 5.8) via an ABM block.  The output is then 

used to regulate the resistivity via the resistivity equations and the output voltage is used 

to regulate the voltage controlled resistor.  Figure 5.3 illustrates the constructed PSpice 

fuse model implementation.  It should be noted that all fuse parameters implemented in 

the PSpice model are entered in circular mils, where 

29 110974.1 mcmils ∗=∗ ,            5.12 

and is used for conversion. 
 

 
Figure 5.3: PSpice fuse implementation model used in non-explosive test bed simulations 
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 An interesting result of utilizing magnetic switches in an opening switch system is 

the shift from the saturated value to the unsaturated value during the opening period.  As 

a result, the voltage and current decay across the HPM load is longer than typical values.  

This does not affect the operation of the system since un-saturation occurs after the peak 

voltage and current values have been reached.  This can be justified by close examination 

of the voltage waveform experimentally acquired along with the altered PSpice model 

that accounts for the magnetic switch operation.  Also, Figure 5.4 shows the differences 

between the PSpice models with and without the tail adjust feature for the current and 

voltage across the HOM load.  Figure 5.6 and Figure 5.7 show the PSpice models used 

for 15 kA and 45 kA test bed output levels with the tail adjust feature implemented.   

 
 

Figure 5.4: Tail adjust feature of PSpice modeling.  Shown are the variations between the 
voltage and current waveforms with and without the tail adjust feature. 
 

Due to the limitations of PSpice, the desired linear changing inductance magnetic 

switch model could not be implemented.  If the model was applicable, it would account 
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for the unsaturated to saturated and saturated to unsaturated events more accurately.  

Also, due to the sharp hysteresis curve of the material, a normal variable inductor model 

could not be implemented.  In order to get the previously developed magnetic switch 

model (discussed in section 4.03) to be accurate, a control block was implemented to 

change from the saturated state to the unsaturated state in reference to the vaporization 

time of the fuse.  This parameter, “Tailadjust”, is listed in the parameters block of each 

test bed model and delays the inductance state change to correspond to experimental 

results. 

 

Figure 5.5: Magnetic switch PSpice implementation with inductance state control. 
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Figure 5.6: PSpice model for 15 kA fuse and test bed. 

 

 

Figure 5.7: PSpice model for 45 kA fuse and test bed. 
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5.02 Testing Results at 15 kA and 45 kA 

By using the parameters listed in Table 5.3, initial fuse results utilizing the non-

explosive test bed have been achieved.  During initial setup, several factors were 

examined that were not accounted for beforehand.  Mostly, this involved parasitic 

inductances and resistances within the HPM equivalent load section.  By altering 

aluminum connections to copper connections and changing the orientation, these parasitic 

values were reduced.  Another factor for proper fuse operation is the critical isolation or 

voltage peaking gap between the HPM equivalent load and the inductive source/fuse.  A 

common problem noted is the reverse breakdown of this gap due to the initial voltage 

across the source inductor during discharge.  In order to prevent reverse breakdown while 

still allowing proper breakdown, the gap is pressurized with nitrogen (N2) gas.  The 

operating parameters are listed in Table 5.4.  The initial results for fuse testing at the 15 

kA and 45 kA levels can be seen in Figure 5.8 and Figure 5.9.  Due to measurement 

limitations, the voltage peak shown for the 45 kA system is inaccurate and is “clipped” 

due to the low output voltage ratio of the voltage probe. 

 
Table 5.4: Peaking gap parameters used during testing for achieving optimal load voltage. 

 

N2 

1.95 

Point-Plane 

Pressure media (gas) 
 

Gap distance (mm) 
 

Gap geometry 

Peaking gap parameters 15 kA 

N2 

8.77 

45 kA 

Point-Plane 

25-26 Operating pressure (Psig) 25-26 
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Figure 5.8: 15 kA fuse results with matching PSpice results. 
 
 

 

Figure 5.9: Initial 45 kA fuse results. 
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CHAPTER 6 

CONCLUSIONS 

 

The non-explosive test bed system for Helical Flux Compression Generator Fuse 

testing shows a reliable, repetitive system capable of up to a 45 kA output.  The total 

capacitive stored energy of the system is 7.2 kJ and is utilized for fuse vaporization 

events similar to the use of an HFCG.  Both the dual stage PFN system and the magnetic 

switching scheme showed positive results, with the Magnetic switching scheme utilizing 

more accurate modeling.  The Pulse Forming Network is the basis of the system and by 

utilizing a free wheeling diode assembly is expected to have a long operating lifetime.  

By using magnetic switches in the changing inductance method, the overall cost is 

significantly reduced and exhibits low system maintenance.  Furthermore, with the 

PSpice modeling, easy and accurate results for future fuse design can easily be 

accomplished via simulation in place of experimentation.  Preliminary fuse results show a 

positive development of an optimized system applicable to 15 kA and 45 kA HFCG 

units. Future developments to be completed with the test bed involve various quenching 

media, different fuse lengths, and different fuse materials.  By utilizing the non-explosive 

test bed along with the PSpice modeling, a faster and more accurate method for fuse 

testing for the HFCG units has been established. 
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