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ABSTRACT

Nowadays, compact pulsed power technology thabbsist and repetitive is driven by size,
weight and volume constraints in recent times. bBthbthe military and commercial
applications, there is an overwhelming need to ipewmore and more capability in ever
smaller and lighter packages. Certain applicatreqsiire technology that can be deployed in
smaller volume under stressful environments. Thedrfer higher energy densities, power
densities and efficiency is the driving force imstheld. Remarkable advances in high energy
density materials for capacitor development and selid-state high power devices have
enabled pulsed power systems to achieve reduaticize and weight. The research issues
are still open on studying and utilizing new madksdidielectrics, insulators, metals, and
interface in the design of sub-systems of the campaulsed power systems. This
development requires combined efforts at three Idevefficient and robust devices at
component levels, novel circuits and architectdrtha system level, and effective technique
to deliver fast pulses at the application levelmdamental studies on compact pulse forming
lines with high dielectric constant ceramics antkraktive engineering topologies are
investigated in the thesis. The research focusomathe studies on development of compact
pulse forming lines using composite mixture of hidjelectric constant ceramics such as
barium titanate, and also investigating new engingetopologies using helical inner
conductor to reduce the size of the pulse forming that is used as intermediate energy
storage in pulsed power system. This thesis de=xribe development of compact pulsed
power system and its performance. The transmidsiercharacteristics of the pulse forming
line, which generates longer duration rectangulalsgs, is also investigated and a novel
technique for fast repetitive double pulse generatvith very short inter pulse interval is

also described.



SYNOPSIS

Pulsed power is a technology to compress the er@rdyelease it in shorter duration of time
to generate peak instantaneous power levels. Tdts of pulsed power can be traced to the
development of high voltage technology prior to Waiar 1l for use in radar. Nowadays the
pulsed power field is driven by size, weight, andlume constraints; there is an
overwhelming need to provide more and more capgbifi ever smaller and lighter
packages. Our appetite for small, lightweight desiextends well beyond the domestic
purposes to include defense, industry, medicineraadarch. The demand is increasing for
compact pulsed power to serve ever smaller apmmatvith lightweight power sources and
the response has been a sustained trend towardactmeps. The interest in the compactness
is not limited to achievement of a minimum size avelght but rather the investigation of a
system that has lesser components than its prestgcééew compact pulse forming lines
were developed during the research using solid ogsite dielectric and novel system
engineering techniques discussed in the thesis.fasterepetitive pulsed power system has
limitation due to switches, power supplies and lehdracteristics, During the research on
pulse forming line it was found that the transnaadine characteristics of the pulse forming
line can also be used to generate fast double putkeextremely short repetition interval and
is discussed in the thesis.

The recent advancements in high energy densitycdapa and high power solid-state
devices have enabled pulsed power systems to &clgemsiderable reduction in size.
Fundamental studies on pulsed power component a@weint, new material and novel
engineering techniques to reduce the size and wiaise pulsed power components are
needed to be investigated. An effective reseaffditen any of these component systems

will require a combination of theory, experimentlanodelling. This area of research focuses
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on the primary and intermediate energy storageesysmodelling of high voltage generator
for compact geometry, investigation of novel putsning techniques using solid and liquid
dielectric for pulse compression. The transmissioe circuits offer the possibility of
realizing fast rectangular pulses while connectamgrgy storage elements to loads. For
making compact systems, new dynamic strategies neexled besides compaction of
individual elements. This aspect was the main natitw of this thesis. For this goal, focus
was on new pulse compression techniques. Comhiesebrch efforts were required at
component levels, system architecture and apphicdéivel to develop compact pulsed power
technology.

Ferroelectric materials such as barium titanatesges high degrees of functionality, with
highly exploitable electrical, mechanical and oattigroperties. As the most studied
ferroelectrics are transition metal oxides withgwskite crystal structure their integration
into heterostructure devices with other transitrortal oxides with different but equally
exciting properties (magnetism and supercondugjivg a direction that shows enormous
potential for both exciting physics and breakthiodgvices.

Coaxial pulse forming lines are widely used forggutompression in pulsed power system.
The research effort also includes investigatiomltdrnative engineering topologies by using
helical inner conductor for longer duration pulsmeration in compact geometry. Water is
also extensively used for pulse compression ingoufgower system. The effect of reduction
in temperature of water on the pulse width lookednpsing and was investigated for
developing compact systems. Finally, fast repatisystems have limitation due to circuit
inductance and capacitance, power supplies, andlswnvestigation and study in this area
was also planned and done, leading to developmeriash repetitive pulses using the

transmission line characteristic of the pulse forgniine. With all these inclusions, compact
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pulsed power system was developed, sub systemgadadnd performance evaluated on the
matched load.

The work reported in this thesis is aimed towatas development of subsystems of the
pulsed power system for the compact geometry. Témearch involves solving the
engineering problems related to design of systempoments, their characteristics and then
assembly of the complete system. The modellinthefsub system was also done for the
optimization of the subsystem system and the viatidaof the experimental finding using
simulation software.

Chapter 1 is the introduction to this thesis, with pulsedveo system description and its
applications. The research area on developing conudse forming line was defined based
on the review of available literature. The detailedlepth literature survey led us to focus on
the following problems:

1. Ceramic has very high relative permittivity buigtnot widely used in pulsed power
technology due to its piezoelectric propertiesa smmposite dielectric with high permittivity
ceramic material such as barium titanate was chasdnnvestigated for intermediate energy
storage for pulse compression. This increased yhem capacitance thereby realizing the
possibility of operating at reduced system volumidee study of non linear effect of electric
field on the relative permittivity of the compostdeslectric was also chosen for experimental
investigation.

2. The compactness in system architecture level usliegnative engineering technique
of helical inner conductor inside water coaxialgauforming line was investigated for the
generation of longer duration rectangular pulseompact size.

3. Deionised water is extensively used as intermedetergy storage for pulse
compression in pulsed power system. The effeceddiction in water temperature inside the

pulse forming line, on the pulse width was idestiffor investigation.
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4, With all these subsystem developments, a compatsegupower system was
developed and its testing and performance evaluatdde matched load.

5. The transmission line characteristics of pulse fognline, which is used for
generation of longer duration rectangular pulsess also investigated for the development of
fast repetitive pulse system using novel systerni@cture techniques.

During the course of the research, compact pulseifg lines were developed using ceramic
material which has higher capacitance, high endemsity and reduced volume. The relative
permittivity of the medium plays very important édio increase the capacitance and energy
density to make compact system so this aspect wadied. The increase in relative
permittivity was also found by reducing the tempema of the water which is used for pulse
compression. The alternative engineering topologyetbped using helical inner conductor
to increase the transit time in smaller lengthhaf pulse forming line was shown to achieve
compaction. A novel technique was also developatube transmission line characteristics
of the helical pulse forming line to generate véagt repetitive pulses with very small
repetition interval. It overcomes the limitationsused by the circuit inductance and
capacitances, power supplies and the switch. Thesgbals set for were effectively met
through design, development and testing stages.

Chapter 2 presents the detailed literature survey and dasmni of important research issues
for the development of compact pulsed power sysiEme. development of compact pulsed
power technology requires combined efforts at tHesels: efficient and robust devices at
component levels, novel circuits and architecturtha system level, and effective technique
to deliver fast pulses at the application levelsp&itors continue to be major components of
pulsed power systems, especially as primary enstgsage and pulse discharge devices.
Capacitors are frequently a limiting factor for geipower technologist in terms of size, cost,

lifetime and reliability. On-going research and el@pment at international level in capacitor
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technology and dielectric materials has resulted significant expansion in several
dimensions of the film capacitor operating envelopelse generators are frequently used for
pulse charging of the pulse forming lines. Pulsmgformer driven circuits are designed to
operate as Tesla or double resonance circuit haadded advantages over Marx generator
due to its compact size, low input voltage on pryrside, low driving energy requirement,
Only one single switch for energy transfer and cépao run on high repetition rates is
necessary. The pulse transformers that are ustée imicrosecond range cannot be used for
the transformation of high-voltage pulses of nanosd duration because of higher
inductances and capacitances so the pulse fornmeg &re required. The pulse forming line
uses solid, liquid or other medium for pulse comspren. The high voltage breakdown
research issues in these dielectrics are discudsedlly, the switch is an important
component for pulse shaping and delivery of thekpeawer to the load. The limitations in
inductance, rise time and repetitive operatiorhebe switches are also discussed.

Chapter 3 describes the details of the experimental settsgubsystem development and
the diagnostics used in the experiments. The exgetal set up consists of an in-house
developed 25 kV high voltage power supply, whiclarges the primary energy storage
capacitor bank. The capacitor bank dischargestir@g@rimary of pulse transformer through a
triggered sparkgap switch. The high voltage geedratcross the secondary of the pulse
transformer charges the pulse forming, which théschdirges to load through a self
breakdown sparkgap switch. A compact conical higiitage pulse transformer was
modelled, designed and developed for the pulsegoi@of pulse forming line. A tapered
construction (with the larger diameter at the bojtavas used for the secondary coil. A
tapered construction was used for the secondaty tmiavoid any break-down at the high
voltage end of the secondary winding. The highagstwill appear at the upper end and the

greater space around the high voltage terminalpsg’ent the possibility of any high-voltage
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break down. The secondary winding was placed ingidelelrin mandrel used to support the
primary winding. The diameter and the length of thdse transformer are 240mm and
300mm. The pulse transformer charges the pulseirigrime up to 200 kV. The design and
development of compact pulse forming lines areutised in chapter 4. The sparkgap switch
was also designed and developed for pulse shagpanih delivering peak power to the load.
The inductance and rise time of the switch wasi2@nd 14 ns respectively. The diagnostics
used for the measurements of voltages with hightagel probes and oscilloscope,
Measurements of circuit parameters such as indoesaand capacitance with LCR meter is
also discussed.

Chapter 4 describes the design and development of compdse gorming lines. The
research and investigation on development of hgtmptivity materials is one area which
can help in designing compact systems. The ceraraterial was investigated for developing
compact pulse forming lines. Ceramic dielectric enat has very high relative permittivity
so it could be used for making compact pulse foghines. Ceramic dielectric material has
not been widely studied for pulsed power applicatias they have piezoelectric effects and
hence stresses are developed at high electrisfiéloe composite dielectric was made using
ceramic materials which have relatively higher pémity. Barium Titanate (BaTiG) has
high relative permittivity (~1200) and also it hpi®zoelectric effect. During high voltages
discharges local stresses are developed which $tbakmaterial. To overcome these stress
we have made a composite mixture of barium titanate neoprene rubber as rubber was an
elastic material and experimentally investigatedWthen local stresses are developed in
barium titanate due to its piezoelectric properties rubber will expand and contract to
absorb the stress and regain its original shapge tfé discharges. A Coaxial pulse forming
line of inner diameter 120 mm, outer diameter 24 nmvas designed and studied. The

volume between the two cylinders was filled withmpmsite mixture of barium titanate and
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neoprene rubber. The composite mixture was prephyedixing barium titanate of 1-3
micron size with neoprene rubber in the ratio df01:The mixing ratio of 1:10 was taken as
at higher ratio it increases the quantity of Barititanate so the piezo-electric effect will
dominate and at lower ratio it will not show sigogint compactness. Other additives
Magnesium oxide (MgO), Zinc Oxide (ZnO), Stericch& mineral oil in traces are added for
the curing of rubber.

Water coaxial pulse forming lines are widely stadend used for pulse compression in
pulsed power systems. The novel engineering tedesiqising helical inner conductor was
investigated for making compact pulse forming limke helical transmission line has higher
inductance as compared to coaxial transmissions.liffde increase in inductance will
increase the transit time, which increases theepwisith across the load. A compact pulse
forming line was also designed and developed usielical inner conductor for pulse
compression. The helical pulse forming line inn@mauctor was made of SS-304 strip rolled
on delrin cylinder and outer conductor was mad8%{304 cylinder. The length of the pulse
forming line was 800 mm. The conductor inner swigs 0.5 mm thick and 39.5 mm wide
rolled on the 168 mm delrin cylinder. 13 turns es@unded on delrin cylinder and the inter
turn gap was 20.5 mm. The outer cylinder was 2micktand has internal diameter of 232
mm. The volume between the inner strip and outénadgr was filled with deionised water
circulated through a pump and deionizer unit. Taedeictivity of the deionised water was
less than 0.2 pSemen/cm.

Chapter 5 describes the experimental testing and studiesnmpact pulse forming lines. The
composite dielectric break down strength and itatikee permittivity was experimentally
calculated. The composite dielectric pulse forming was pulse charged to 120 kV and a
voltage pulse of 70 kV, pulse width of 21 ns hasromeasured acros<bload. The relative

permittivity of the ceramic material changes wifipked electric field. The effect of electric
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field on composite mixture was experimentally imigested up to 25 kV/cm and found no
significant change in the pulse width measure acths load. The composite dielectric has
successfully withstood voltages up to 35 kV/cmwés found that the compactness in the
pulse forming line was achieved by mixing of barititanate in neoprene rubber which
reduces the length of the pulse forming line byetdr of 3.8. The pulse forming line was
charged and discharged for few shots (~10) andigrufisant effect into its performance
degradation was seen. It was found that the pusmifg line using barium titanate and
neoprene rubber was compact in size and does gatreemaintenance compared to oil,
water line as it was of all solid material.

The performance of water based helical pulse fogniime was also evaluated. The helical
pulse forming line was charged to 200 kV peak usngulse transformer in 3.5 pus and
discharged into the matched 22 resistive load through a self breakdown pressurized
sparkgap switch. The flat top rectangular voltagésep of 100 kV, 260 ns (FWHM) was
measured across the load. The electric field anenpial distribution inside the helical pulse
forming line was also simulated. The circuit sintigia modelling of the system was done to
validate the experimental results. The effectivduction in length by a factor of 5.5 as
compared to coaxial pulse forming line was seene Hffect of reduction in water
temperature on pulse width was also investigatdte @eionised water was circulated
through water chilling unit and the pulse widthaes the load was experimentally measured
from the water temperature range diGto 25°C. It was found that the relative permittivity
of the water increases with the reduction in tmeperature of the water. We could find from
the experimental investigation that the pulse wigktherated across the load increases up to
6% more when the temperature of the water was estfiom 25°C to 5°C. It was
concluded that the length of the pulse forming bae further be reduced with the circulation

of cold water inside the pulse forming line.
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Chapter 6 describes the novel engineering technique fordasble pulse generation using
the transmission line characteristics of the puilganing line. The transmission line
characteristic of the pulse forming lines was itigeded for generation of fast double pulses
with extremely short repetition interval for compgmlsed power repetitive system. The
water helical pulse forming line was used as it wagstigated that it can generate longer
duration pulse in smaller length. The initial twart of the helical pulse forming line are
wound with ethylene propylene rubber tape  3). The helical pulse forming line was
charged to 200 kV peak and discharged through gparkwitch in to 222 resistive load and
this generated the double pulse of 100 kV, 100mnk am interval of 30 ns. The electrostatic
modelling of the input side of the helical pulsenfiing line was done and it was found that
when the pulse forming line was charged to 200 tké, maximum potential appears across
the ethylene propylene rubber and above that therveapacitor is charged to lesser extent,
after the two turns the water capacitor was fulharged, so while discharging the pulse
forming line generates two flat top rectangularspslof 100 kV, 100 ns duration with the 30
ns interval between the pulses. It was further stigated that the system can generate two
flat top rectangular pulses of desired pulse wigtil of the desired interval between the
pulses. The pulse width and the interval betweenphlses depend on the length of the
ethylene propylene rubber wound on the inner cotwdwf the pulse forming line.

Chapter 7 Summarises the findings and proposes lines ofrdutmork that will be of
important to this technology.

The following is the summary of the work reportadhe thesis.

1. The composite dielectric with ceramic has higheglatitric constant and it can
increase system capacitance with the possibilitgperating at reduced system volumes for

few shot applications. Compact PFL was developadgusomposite material of barium
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titanate and neoprene rubber and tested up to Y20t kvas also found that the dielectric
constant of the composite mixture remains unchangeer high electric field (< 20 kv/cm).

2. An alternative technique was investigated and dpesl using helical inner
conductor inside the PFL. The helical conductoreases the transit time, so longer duration
pulse can be generated in compact geometry. A 20005 GW, 260 ns pulsed power
system was designed and developed using helicabRBlwas tested on matched load.

3. It was found that higher energy can be stored andencompact systems can be
developed using chilled water circulation inside fAFL, it increase the pulse width by a
factor of 6%, when the temperature of water wasiced from 25C to 5°C .

4. A novel technique was developed using the transomsiine characteristic of PFL
and also using different dielectric constant mateo store energy inside the PFL to generate
fast repetitive double pulse with small repetitinterval.

In many cases novel propositions along with expenital or theoretical modelling have been
made for better understanding to solve the diffiealencountered for developing compact
pulsed power subsystem. Further the research issla®d to study of new materials-
dielectrics, insulators, metals, and interfaceshi@ design of components of the compact
pulsed power systems are enumerated. In the fabreadvanced component technologies
can be applied to pulsed power problems using #e fi integrated design tools and
micromachining techniques. New developments in rmase research, combined with
electrostatic design tools, will set a pathway fevolutionary advancements in compact

pulsed power technology.
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CHAPTER 1

INTRODUCTION
1.1 Pulsed power
Pulsed power is a technology to compress the duratf time to generate peak instantaneous
power levels. A natural source of pulsed powerasiads, which get electrically charged over a
period of tens of minutes or even more due to s¢veechanisms inside the cloud. When the
voltage due to charging (commonly negative at thecdcbottom) is adequately high, a discharge
occurs to earth delivering a huge current and gnevgr a short duration (milli-seconds). The
roots of pulsed power can be traced to the devedopsrof high voltage technology and nuclear
physics prior to World War II. Pulsed power itsefés first developed during World War Il for
use in radar. A massive development program wasrtaicen to develop pulsed radar, requiring
very short high power pulses. After the war, depglent in pulsed power technology continued
for various other applications that led to the depment of novel pulsed power machines [1-2].
In 2001, the U.S. Department of Defence initiatadtiisciplinary university research initiative
program to study fundamental issues for developnoértompact pulsed power for military
applications [3]. Pulsed power generates very shadctrical pulses (nanoseconds to
milliseconds) with the possibilities of:
Currents up to several hundreds of mega-amperes.
Voltages up to several mega-volts.
Energy releases up to several hundreds of tertagqer second.
Power densities of several hundreds of mega-wattsguare centimeter
Pressures of hundreds of kgfcm

Temperatures of millions of degrees Kelvin.
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Pulsed power science and technology deals with igdlysand technical foundations f
production and application of high voltages pulsath very high powe (> 100 MW) and
energies (> 1 kJPulsed power is a broad technical field that igathby a common activity ¢
the transformation of electrical energy in to t-peak power pulsedt is the technology of
accumulating energy over a relatively longer doratdf time and then releasing it in a sho
duration thus increasing the instantaneous poweis [4]. For examplel kJ of energy stored
within a capacitorand then releas into a loadover one second will deliver 1 k of the peak
power to the load. However, if all of the storectrgy were released within one microsecc

the peak power would HeGW.

Power Power
F F Y

1GW

| KW

» >
ls i —> lps — 1

Figure 1.01 Low powtlong pulse converted to high powsrert puls
A pulsed power system converts a low pc-long time pulse to high pow-short time pulse
(Figure 1.01).The average power fopulsed power systens low to moderate (watts to
kilowatts), howeverthe peak power levels are very high (megawattsetawtatts, typically
producing megavolts and megamperes, but for shoeston the order ¢~ 100 ns. The block
diagram of gulsed power stem is shown in Figure 1.02. gulsed power systeis consists of
low power accumulation subsystem which héconventional primargnergy source (ac. mai

or batteries) that suppligbe energy in longer duration of tinto the energy storage syste
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(capacitor, inductor). The high power accumulatsubsystem has a high voltage generator
(pulse transformer or Marx generator), pulse fogriine and a switch, which shapes the pulse
released from the energy storage element and ératsfthe load. The loads in pulsed power
system in initial days used to be particle beamdesp imploding plasma and military
applications (rail gun, HPM, UWB). Nowadays thedsanclude biological samples, drinking
water, and effluent treatment plants. The pulsatlgpdas evolved to not only play an important

role in defence but has made inroads in environatamtd biomedical applications.

Low power accumulation High power accumulation
AN AN

/- I /- N
Primary Energy Pulse L oad
Energy > Storage ) Forming | >

Source Device Section

D.C Mus ns
Charge Pulse Discharge PulsaaeP

Figure 1.02 Block diagram of a pulsed power system
Pulsed power system is specified by the power $egielivered to the load, energy stored in the
system, duration of the pulse, number of timesphises are repeated and size of the energy
storage medium etc. The typical ranges of eladtparameters frequently encountered in high

power pulse system specifications are shown inelalfl1

Energy 10J-100 MJ
Power IMW-1TW
Voltage 1kV-10 MV
Current 100 A—-10 MA
Pulse width 100ps - 100us

Table 1.01 Typical ranges of electrical paramedégsulsed power system

31



The high power pulse is also characterized by its shi.e. rise time, fall tim, duration and
flatness of its plateau regioThe overall duration of the highower pulsedies typically in
between the range of sulanoseconds microsecond’'sregime. The typical pulse sha

parameters of a high power pulse shown in Figurel.03.

Plateau

.........................

Relative Amplitude

T - T — .
+ Decay Time ! Time

Foot Width

Figure 1.03 Typical pulse shape pararn [5]

The pulse rise time is the tintaken by thevoltage to rise from 10%0 90% of its peak
amplitude. e fall, or decay, time inlso defined in thesimilar way. Both the fe and the rise
time of a pulse depend on the evolution of the lmagledance, which in mc cases varies with
time. There is no unique definition of ttpulse duration in thditerature. Sometimes it
understood as the full width at half maximum (FWHIH) the pulse. Howeve, for some
applications, it is better to define it as the dioraat 90% of th peak amplitude. Flatness of t
plateau region is ammportant requirement for drivii some loads fole.g. pockels cells and

electron beam diodes [5].
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1.2 Repetitive pulsed power

The technology for repetitive pulsed power was indtly developed to support the defence
program, As the technology matured, its potentsd in industrial applications were explored
based on its inherent strength of high average paduwgh repetition rate, cost efficient scaling
with power for long life performance. The developmef compact repetitive pulsed power
system is the current trend in pulsed power teagylo increase the average power output
which has applications in defence and industriaasr Fast repetitive double pulse with
extremely short interval can also be used to sthéydouble pulse effect in nanosecond laser
ablation for the study of laser induced breakdop&cgroscopy [6]. The trend in repetitive-pulse-
power system design is toward higher energiesetaagerage power levels, and faster pulse-
repetition rates. There is a great demand of reypetpulsed power system, but there are few
technical problems that need to be investigated masblved. Switches are an important
component of a pulsed power system and for itstitefezoperation it is required to recover its
insulation between the pulses. Compact repetjiivised power systems can be developed by
enhancing the peak and average power output, beasimg the pulse repetition frequency
(PRF) and reducing the equipment size to meet #@madds of ever increasing applications.
Improvements can be made in components and sulensysbf the pulsed power system.
Successful introduction of pulsed power technolegreindustries depends to a great extent on
the availability of highly efficient and reliablest-effective sources. All these possibilities are
under investigation in various laboratories worldeviPulsed power system using semiconductor
devices have become more and more popular in industpplications because of their
compactness, light weight, repetition rate, lowt@sl high efficiency. Repetitive pulsed power

technology has a lot of potential for future growth
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1.3 Application of pulsed power

Pulsed power technology enables the generationtodraely high temperatures, brilliant flashes
of light and powerful bursts of sound. It accelesaparticles to great velocities, produces
tremendous forces, detects objects at a greandestand creates many other extreme conditions
that are not possible to sustain continuously. Asimarily enabling technology, pulsed power
circuits are used in many cutting edge applicatsutsh as the generation of X-rays [7] and high
power microwaves [8]. It is used in pulsed high povaser systems, and also the generation of
shockwaves to dissolve kidney stones (lithotripf®}) It is a unique way to generate dense
plasmas in plasma focus [10], and also producesrst lof neutrons, which can be used for
detection of explosives and illicit materials [1Bulsed power is also a key technology in the
research on particle beam (KALI 5000) [12], indrtanfinement fusion (Z-Machine) [13] and
for magnetic confinement fusion (ITER) [14].

A growing interest in pulsed power technologies edso be found for industrial, medical,
biological and environmental applications. Eleatmechanical forming and Electro-hydro
forming are techniques for welding or cutting thatemials at high velocity. In this technique the
energy in the form of short pulse is concentratedtite work piece, which results in high
temperature and softening locally in the materi@wn as adiabatic softening. Energy can be
applied to the work piece mechanically, hydraulicadr electromagnetically. In hydraulic
forming the work piece is placed between a preskand a chamber that is filled with water (or
liquid). Pressure is applied to the water in thansher, which in turn presses the work piece
against the press tool. When electro-hydraulictdisge is used, an underwater electric discharge
creates a pressure shockwave that shapes the vem& py pressing it against the tool. The

pressure in the shockwave is in the range of 16AMO00 kg/crh[15]. By forming the material
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at very high velocity improves the ductility drastily, adiabatic heating is also advantageous for
cutting where the work pieces are cut off by siagact and pieces are cut with high accuracy.
Pulsed electrical discharges can also be designetkate non-thermal plasma 'streamers’. This
non-thermal plasma has the ability to attack bialgand chemical agents and is in particular
promising for decontamination and purification cditer [16]. High electric pulse is used for the
treatment of food [17]. Another emerging applicatis the manipulation of mammalian cells
with pulsed electric fields [18-19]. One of the magpealing results so far is that they can
trigger apoptosis in cancer cells and can be usdtgit tumours. The use of streamers and
pulsed electric fields on cells and tissues arenemstones of a new era in biomedical
engineering.

The recent advancement in pulsed power technology made it possible to apply the
technology to commercial and industrial environméehte International Society on Pulsed
Power Applications was founded in Gelsenkirchen Germany in 1997, fipally to support the
commercial side of pulsed power applications. Thigary application is particularly interested
in compact, reliable pulsed power for radars, ebmstgnetic launchers, HPM generation and
UWB generation.

1.4 Area of research

High-voltage rectangular pulses of very short daraffew 10’s of nanoseconds — few 100’s of
microseconds) are required in many pulsed powelicgbions. These short pulses give a peak
power multiplication of more than i@ver the average power. The generation of higtagel
pulses is usually obtained until some tens kV bigveational circuits. These voltages achieve
kA of discharge currents thereby enabling high psakers mentioned above. The transmission

line circuits offer the possibility of realizing garectangular pulses while connecting energy
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storage elements to loads. For making compact mgstaew dynamic strategies are needed
besides compaction of individual elements. Thiseaspvas the main motivation driving this
thesis and was investigated in detail. For thisl,gbecus was on new pulse compression
techniqgues. Combined research efforts were redj@tecomponent levels, system architecture
level and application level to develop compact @dipower technology.

For example, solid dielectric is generally consedeto be non-recoverable in the event of
dielectric breakdown but there are single shotegplswer applications where it is useful. This
can increase system capacitance with the posgibilibperating at increased energy levels or
reduced system volumes. However solid insulatidluria under pulsed conditions is not fully
understood. The pulse compression system has avbigige generator, pulse forming lines and
a switch. The duration of pulse generated frompihise forming lines depends on the length of
the line, relative permittivity of the dielectricedium, temperature and stress on the dielectric
medium. Conventional pulse forming lines are mapleiuplastic, castor oil or other dielectrics
whose relative permittivity varies from 2-10. Ceresnoffer very high relative permittivity.
However, very little work existed in literature agtd to ceramic used in compact pulsed power
applications as it is not widely used due to iezpelectric properties. This thread was picked up
by us.

Ferroelectric materials such as barium titanatesgss high degrees of functionality, with highly
useful electrical, mechanical and optical propsertfs the most studied ferroelectric in transition
metal oxides with perovskite crystal structure tthieiegration into heterostructure devices with
other transition metal oxides with different butuatly exciting properties (magnetism and
superconductivity) is a direction that shows enarm@otential for both exciting physics and

breakthrough devices.
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Coaxial pulse forming lines are widely used forggutompression in pulsed power system. The
research effort also includes investigation ofraliéive engineering topologies by using helical
inner conductor for longer duration pulse generatiocompact geometry.

Water is also extensively used for pulse compressiopulsed power system. The effect of
reduction in temperature of water on the pulse lwldbked promising and was investigated for
developing compact systems.

Finally, fast repetitive pulsation has limitationalto circuit inductance and capacitance, power
supplies,and switch. Investigation and study i #iea was also planned and done leading to
development of fast repetitive pulses using thasimdssion line characteristic of the pulse
forming line.

With all these inclusions, compact pulsed powetesyswas developed, sub systems analyzed
and performance evaluated on the matched load.

To summarize, from the literature survey the isshas needed attention were identified. They
were; new materials such as ceramics, and nowrhalive engineering techniques to reduce the
size and mass of pulsed power components and beptelogy. It was realized that an effective
research effort in any of these component systerlis require a combination of theory,
experiment and modelling. The research efforts deduon investigation of new compact pulse
forming lines using composite dielectric of higHateve permittivity ceramic, and also using
helical geometry conductor to study the performaocefew 10’s of nano-seconds to 100’s of
nano-seconds of pulse generation.

1.5 Aim and accomplishment of thesis

As described above, the overall research work wasdtowards the development of compact

pulse systems. The research described here inveblesgg the component level and system
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architecture level problems to design the compgstiesn, pulse forming lines, their realization,
and characterization. The detailed in-depth liteatsurvey led us to focus on the following
problems:

1. Ceramic has very high relative permittivity but net widely used in pulsed power
technology due to its piezoelectric properties, asccomposite dielectric with high
permittivity ceramic material such as barium titensvas chosen and investigated for
intermediate energy storage for pulse compres3ibis. increased the system capacitance
thereby realizing the possibility of operating @tluced system volumes. The study of non
linear effect of electric field on the relative pettivity of the composite dielectric was
also chosen for experimental investigation.

2. The compactness in system architecture level usitegnative engineering technique of
helical inner conductor inside water coaxial puisening line was investigated for the
generation of longer duration rectangular pulseompact size.

3. Deionised water is extensively used as intermedingrgy storage for pulse compression
in pulsed power system. The effect of reductiorweter temperature inside the pulse
forming line, on the pulse width was identified fovestigation.

4. With all these subsystem developments, a compdsegpower system was developed
and its testing and performance evaluated on thehad load.

5. The transmission line characteristics of pulse fagiine, which is used for generation of
longer duration rectangular pulse, was also ingatd for the development of fast

repetitive pulse system using novel system archited¢echniques.

During the course of research compact pulse fornlings were developed using ceramic

material which has higher capacitance, high enelgysity and reduced volume. As relative
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permittivity of the medium plays very important @olo increase the capacitance and energy
density to make compact system this aspect was stisdied. The increase in relative
permittivity was also found by reducing the tempera of the water which is extensively used
for pulse compression. The alternative engineetogplogy developed using helical inner
conductor to increase the transit time in smakegth of the pulse forming line was shown to
achieve compaction. During the research on pulsmifgy lines a novel technique was also
developed using the transmission line charactesistf the helical pulse forming line to generate
very fast repetitive pulses with very small repetitinterval. It overcomes the limitations caused

by the circuit inductance and capacitances, powgplgées and the switch.
Thus the goals set for were effectively met throdghign, development and testing stages.

1.6 Outline of thesis

The thesis defines the progress on investigatioth @evelopment of novel compact pulse
forming line for intermediate energy store for gutompression and its study for single pulse
and repetitive pulse generation, the modellingt®fsub-systems and development of compact
pulsed power system with its evaluation. Chaptes The introduction to this thesis, with
description of the pulsed power system, repetipuésed power system and its application in
defence and commercial areas. It also defines ribeedbarea of the research and the overall aim
of the thesis.

Chapter 2 is the literature update on compact duisaver technology and summarizes the
important issues for development of compact pufsader system at component levels, system
architecture level and application level. Energgrage for pulsed power systems using

capacitive storage are also discussed as the ctattee art for capacitor is relatively well
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developed. It also discusses the intermediate gretogage system for pulse compression using
solid and liquid dielectrics. The switch used fatge shaping is also discussed.

Chapter 3 describes the development of subsysteshste used for the study and testing of the
compact pulse forming line. The design details taigication of the primary energy storage
capacitor bank and its power supply, high voltage@aal pulse transformer and pulse sharpening
switch. The diagnostic equipments used in thertgsif pulse forming lines are also discussed.
Chapter 4 describes the design and developmertsngbact pulse forming lines. The compact
pulse forming lines can be developed by increagieglielectric constant, and also the length of
the pulse forming line. Two types of pulse formiinges were developed using solid composite
dielectric and another one using helical inner catar. The solid composite dielectric pulse
forming line is made up of using composite mixtofebarium titanate ceramic and neoprene
rubber, which is used as intermediate energy stosggtem is presented. Another pulse forming
line is designed and developed using helical imo@ductor inside water coaxial pulse forming
line for generation of longer duration rectangydalse in compact geometry.

Chapter 5 describes the pulsed high voltage testirgplid composite dielectric pulse forming
line. The relative permittivity of the composite xnire is calculated. We also report the
experimental study on the non linear effect of wiecfield on the relative permittivity of
composite mixture. The water helical pulse fornling is also pulse charged and tested with the
matched load. The compactness achieved as comjpaceadxial pulse forming line is reported.
The effect of reduction in the temperature of deied water inside the pulse forming line on the
pulse width generated across the matched loadsdasraported. The discussion and analysis of

the result for development of compact pulse forniling is also summarized.
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Chapter 6 describes the novel technique for thesldpment of fast repetitive double pulse
system. The transmission line characteristic offtékcal pulse forming line is used to generate
fast repetitive double pulse with extremely smalpetition interval. High voltage insulation
rubber tape is placed on the outer surface of 8% at the initial few turn of the inner helical
conductor, while discharging it generates two fagses (~ 100 ns) with very small inter pulse
repetitive interval (~10 ns).

Chapter 7 concludes the findings and proposes laidfuture work that will be reflective of

future attractions in this area.
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CHAPTER -2

LITERATURE SURVEY
2.1 Compact pulsed power
Compact pulsed power technologies are characteligetbncentration of energy both in time
and size to generate pulses of high intensity. Ntawys the pulsed power field is driven by size,
weight, and volume constraints and certain appboatrequire technology that can be deployed
in smaller volume under stressful environments. both the military and commercial
applications, there is an overwhelming need to ide@wmore and more capability in ever smaller
and lighter packages [20]. The need for higher ggneensity, power density and efficiency is
driving further progress in the field. The puls&dibioning system is an important part of pulsed
power system, its general functions are the storgiching, and scaling (Figure 2.01) [21].

Pulse Conditioning System

Prime High Voltage
Power Power Supply

Store Load

A 4

Scale Shape

\4

A 4

Figure 2.01 Basic pulsed power supply architecture
In order to minimize the weight and volume of tlystem, two types of system architectures are
routinely considered. The first architecture is ¢tim& stores all the energy required for multiple
pulses and then uses an opening and closing swatttansfer the energy to the load (Figure
2.02). This approach is the simplest in operatlaut, requires a much larger volume for the
energy storage.

Opening & Closing SWitCh_l
Prime Power Charging .| Multiple Load
Source System > Pulse Stort _’®_>

Figure 2.02 Multiple pulse store architecture
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The second architecture is a single pulse storggiers with repetitive charge system (Figure

Charge switc Closing switchT
Prime Power Charging Multiple Load
Source System Pulse Stort _’®_>

Figure 2.03 Single pulse storage with recharge

2.03).

The single pulse system will provide the minimunergly storage volume, but requires increased
complexity. The minimum system volume and thus Wweigill be one in which all the
operations required to store, scale, and shapledldepulse are performed in the same volume as

illustrated in Figure 2.04.

Shape
Prime Power High Voltage »| sScale Load
"| Power Supply "
Store

Figure 2.04 Ideal compact pulse power system

The pulsed power has expanded its capabilitiesdrater half of 28 centaury with the research
and development in improved materials and eledtdoenponents with high energy and power
densities. Multidisciplinary university researchtimive program was also started in United
States during the starting of 2tentury to study the fundamental issues for dgaknt of
compact pulsed power systems [3]. The recent adwvaents in high energy density components
(capacitors, cores etc), and new solid-state dsvitave enabled pulsed power systems to
undergo reduction in size and weight [22]. Moddetonic products depend on pulsed power
to convert ac or battery power, as the pulsed abewdecome smaller, and occupy an ever
smaller portion of the product volume. Computerat twere once giants have now shrunk to
pocket-size. Our appetite for small, lightweighet yowerful devices extends well beyond the

domestic purpose to include defence, industry, oneelj and research. The demand is increasing
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for pulsed power to serve ever smaller applicatiath reliable, efficient, lightweight power
sources and the response has been a sustainedaneard compact pulsed power technologies.
The compact pulsed power research is more apmitatecific nature than an organized effort
[23]. A compact pulsed power technologist absorbsaced ideas and components from other
efforts and knit them together into a unique systkat may have little to do with the original
component or its intended purpose. For examplegla ower solid-state switch, developed for
the traction industry, might be combined with abhenergy density capacitor, developed for a
small computer power supply, and the entire cirpoivered by a long-life battery developed for
a new generation of cellular phones. While the gdndgemand for compact sources increases,
the case by case development of a new source iallypachieved by raw innovation. Many
historic examples of compact pulsed power are abkal in the literature. One such paper
illustrates how a commercial switching system beesmsmaller with each new generation [24],
while others cite examples of compact componentsh fs capacitors [25], transformers [26],
and pulse generators [27].

2.2 Research issues in compact pulsed power techogy

The development of compact pulsed power technotegyires combined efforts at three levels:
efficient and robust devices at component levetsieh circuits and architecture at the system
level, and effective technique to deliver fast pslsit the application levels. On-going research
and development at international level in capactemhnology and dielectric materials has
resulted in significant expansion in several dinems of the film capacitor operating envelope.
Research in high-voltage film capacitors has predua self-healing feature that extends
capacitor life under harsh pulsed power uses. Tdw dielectrics have produced new high

energy density materials that enable capacitorstdee more energy in ever smaller packages
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[28-29]. The capacitor technology developmehave enabled much higher energy densitie
be reached over the ldstv years. This progress shows no indication oéllevg off in the nea

future (Figure 2.05).
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Figure 2.05Progress in capacitor energy density versus tir@}
Advancement of capacitor constructimethodsand dielectric quality has resulted in improy
stored energy density, pulse life, and DC. W J Sergeant [30has reported a review
capacitors used in pulsed power sysl. The use of very thin metaliz film electrodes is a
significant improvement in capacitor constructi@ehnology. If an internal breakdown sho
occur, the metal film is vaporized at the faulesind thereby disconnects the problem area
the remaining capacitor [31].
Ceramic dielectric materialgich as dense titania ceramic and nanocrystaitar@um oxideare
developed and studied to make transmission lingés higher energy storage capabilities

compact pulsed power applicatior32-33. Very low impedance pulse formi lines can be
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made with ceramic materials for low impedance Isadh as z-pinches. From the literature
survey it was found that the research on high geltamsulation material is one area which can
help in designing very compact systems. This afeasearch also explores development of high
relative permittivity material. But both of this Wiead to material science research for the
development of new materials. The other reliablatsm will be to use the best of the material
available in this field and continue developmentcofmpact systems. Ceramic materials very
high relative permittivity and could be used forkimg compact pulsed power system but it is
not much explored for designing pulsed power systiei to its piezoelectric properties. The
newer techniques for storing energy could be expldor making compact pulsed power system.
Study of pulsed breakdown in liquid dielectric maseived considerable attention in recent years
due to great demands from pulsed power field fax tlevelopment of liquid dielectric
transmission lines. Liquids dielectric has playedhajor role as dielectric material in energy
storage, pulse forming, and switching in the dewelent of pulsed power technology. The
switching utilizes liquid breakdown at high fieldBus going beyond just the insulating property
of liquids. However, in energy storage and pulsenfog breakdown is detrimental to the proper
functioning of a pulsed power system. It is als@iobs that the size of a pulsed power system
has always been a concern, and the effort of madxigfing systems even more compact will
have to deal with the higher electric fields thame with the inherently smaller distances of a
compact system. Though an abundance of experimeatal is available for breakdown in
various insulating liquids, such as water, cyclarex and the noble gases, the basic physics of
liquid breakdown has remained unclear. The two sttagphysical models are the crack
propagation, which was recently transferred frontidsdbreakdown, and the older bubble

mechanism [34]. The main motivation for the devetept of liquid dielectrics for pulsed power
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applications is their structural compatibility withgh power pulsed system. There are a large
variety of liquids that can be used but for praadticsage, mineral oil and water is widely used in
pulsed power systems. Mineral oil has high dielectrength and small dielectric constant so it
is suitable for making low impedance systems. Waeattractive due to its high dielectric
constant, high dielectric strength and efficiergrgry storage capability.

The longer duration rectangular pulse has alscad#d more and more interest in the
development of pulse power technology. In develagnté compact pulsed power system, a
general research issue is to improve the systemtecture. For example, study the geometry-
driven issues in pulse forming line. A paper diseasthe edge effect of the water blumlein for
short pulse widths through computational modelliagd optimized the line design based on
three dimensional simulations [35]. Another papeestigated the effects of folds on dielectric
breakdown and the voltage waveform at the load ifolded blumlein [36]. Alternative
topologies and novel engineering techniques shbelthvestigated and the optimization of the
geometry can be done using any electromagnetiwamdt

An important current trend also in pulsed powerhtedogy is the development of compact
repetitive pulsed power systems, which have marponant applications in defence and other
industrial areas. The trend in repetitive-pulse-powystem design is toward higher energies,
larger average power levels, and faster pulsedtepetrates. There is a great demand of
repetitive pulsed power system, but there are &shrtical problem needs to be investigated and
resolved. Repetitive pulsed power generation by pamnh sources is being developed for
industrial applications. Successful introduction milsed power technologies in industries
depends to a great extent on the availability afhlyi efficient and reliable cost-effective

sources. Compact repetitive pulsed power systemseamproved by enhancing the peak and
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average power output, increasing the pulse repetitequency and reducing the equipment size
to meet the demands of the increasing applicafidfis Improvements can be made in pulsed
power system components. The electrical insulatow dielectric breakdown should be
considered as the design criteria of an improvedpart repetitive system.

Some issues of fundamental importance are needeel itovestigated for compact pulsed power
system developments such as new materials for diglectric strength and high dielectric
constant, exploring alternate engineering topold@ compact systems, improvements in
switches etc. The research issues are still operstodying and utilizing new materials-
dielectrics, insulators, metals, and interfacehi@ design of components of the compact pulsed
power systems. Fundamental studies on compactdpleeer system development with new
materials and novel engineering techniques areatetedbe investigated to reduce the size of the
system. The energy density of pulsed power systerofien limited by the storage capabilities
of the dielectric subsystem. Advances in pulsedgyoswitches, capacitors, pulse forming line
are necessary to develop compact, reliable elatmwer on directed energy systems as well as
space platforms for military applications. Researchlso underway by to gauge the future of
compact pulsed power by investigating the fundaaidmhits of dielectric materials and pulsed
power components.

2.3 Primary energy storage system

The primary energy storage systems generally usedcapacitive, inductive, chemical and
inertial. Electrical energy is typically stored gapacitors as electric field and inductors as
magnetic field. It can also be stored as mechamisaigy in rotating wheel and flywheel, and in
the form of chemical energy in batteries and expéss Table 2.05hows the salient features

and comparison of these energy storage systems.
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Primary energy Energy density Energy /Weight Typical transfer
storage device| (MJ/nm) (J/KQg) Time (Seconds)
Capacitors 001-1 300 - 500 microseconds
Explosives 6000 5x f0 microseconds
Inductors 3-40 fo- 10 micro — milliseconds
Flywheel 400 16- 10 seconds

Battery 2000 190 hundreds of seconds

Table 2.01 Comparison of energy storage systems
High explosives have the highest energy densityth@edhortesenergy release times, but they
are limited to single-shot operation and requaugiliary equipment to convert their chemical
energy into electrical energy. A battery has a leghargy storage density but a low power delivery
capability, and requires both long charge and digghtimes. Inertial storage has a high storage
density and a moderate power output capability, eapacitors have the highest electrical
discharge capability but they have a relatively lemergy storage density. Releasing this stored
energy over a very short interval to generate peaker by a process called energy compression.
Electrical energy stored in a pulsed power systemeieased in the form of an intense high
voltage and high power pulse or repetitive pul3égre has been rapid development in electrical
pulsed power systems over the past few decadesdiffeoent means of energy storage utilized
in electrical pulsed power systems are capacitivergy storage (CES) and inductive energy
storage (IES). The circuits of the inductive steragystems are duals of the corresponding
capacitive storage systems (Figure 2.06). The C&Sdapacitor banks and closing switches
while IES has inductive coils and opening switah.IES the switch must carry the large coil

current during the storage time, interrupt the ety and then withstand the high voltage
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generated by the coil current flowing through the |GHte opening switch problem is diffit
enough for singleshot operation in many applicatic [38]. There are two major obstacles
the practical use of inductive storage in pulpower systemsboth of which becom

obvious when the basic capacitive dnductive energy discharge circuite compared.

Figure 2.06 Comparison of CES and IES
In the capative energy discharge circuit igure 2.07)the capacitor C is arged through a
resistor R tovoltage V. The time constant for the ¢« discharge of the capacitor 1, = R.C
where R is the leakage resistar, may be of the order of tens of minutes. such capacitors,
the charging current can be kept fairly I In a practical system the capacitor will typicaltig
discharged into the load by means of the closing switclk.. The discharge current usually
large compared tthe charging current and a capacitive discharge ticar be considered as a

current amplifier.

Sc

Figure 2.(7 Capacitive energy discharge circuit
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If dWc/ dt is the rate of increase of stored energy in theatmpaanddWg/dt is the rate at which

energy is dissipated in the load, then during chgrthie capacitor we ha

dw d (1
dt dt

awgr (R(Cd—v)z) - Rcﬂ

(2.01)

dt
WhereR is in series with C and V is the voltage acros
Suppose the capacitor C is charged by a constannteitrarge (I;), such the, V(t) = 1/C,

Then equation D1 can be written ,

= o (2.02)

Where T is thecharging time of the capacitor and slow charging is Isince this gives >> t.
and a low loss in the resistor R while the capacitoh#&ging

In the inductive energy storage circ(Figure 2.08) the inductor L is charged to a currenand
the time constant for the R-circuit ist. = L/R, where R is the combined series resistandbe

current source, the switch So and the indut

L R Se

AL |
So v Z

o

Figure 2.8 Inductive discharge circuit

For inductive energy storage systerr, can be in the order seconds, which means that induci

have to be charged in relatively short timend high power primargources are needed. T

energy stored in the inductor is transferred toltiael bymeans of an opening switcl,, which

51



interrupts the current (1) in the charging circanitd a closing switch.Swhich in turn connects to
the load £. Due to the rapid decrease of current, a highageltof magnitude L(dl/dt) is induced
across the opening switch and load, and inductive discharigcuits can, therefore, be
considered as voltage amplifiers.

If dW/dt is the rate of stored energy in the inductor L dwWé/dt is the rate at which energy is
dissipated in the load the rate of energy in thgmetic field of the inductor, divided by the

energy dissipated in the series resistance indime dime is

aw d(1
G _ @lh?) _ paai (2.03)
awg (RIZ) Ridt '

Now di/dt =i/T, where T is the charging time ah(R = 7, the inductor time constant, So for a
high charging efficiency, i.e a largewW /dt)/(dWgr/dt), one must ensure that'T is large, which
means charging rapidly with respect to the indutitoe constantit is evident that the two major
technical complexities encountered in inductive enstgyage systems are the charging circuit,
because ofhe necessary fast charging of the inductor, aadfgening switch because of its
in built complexities at the currents and voltageolved [39]. Energy storage for pulsed power
systems commonly implies capacitive storage for whichstage of the art is relatively well
developed. The components of capacitor banks, includiagacitors and switches, are
commercially available and relatively inexpensive. We wdl using capacitive energy storage
system for primary energy storage in our project. Ivesy essential to study and investigate
different type of capacitors and select best suitable dapacimake a compact system.

2.31 Capacitors for pulsed power

The recent advancements in energy storage capacitmolegies have enabled reduction in size
of pulsed power systems. R. A Cooper et. al. [40]repgsrted the progress in the reduction of

inductance to 50 nH in energy storage capacitor. Impremerm polymer film quality and
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construction techniques has increased the enenggitoks [30]. Energy storage capacitors have
been developed over a long time and a lot of theintlgeir names from the material used as
dielectric and the electrode type. The capacitgedufor compact pulsed power application are
shown in Figure 2.09. Dielectric is an importaatnponent in capacitors to store the electrical
energy. Most of the dielectrics used nowadays aramngics, plastic films, oxide layer on metal

(aluminium, tantalum, niobium), natural materiaisiqa, glass, paper, air, vacuum). All of them

store their electrical charge statically withinelactric field. The important parameters of these

dielectric used in capacitors are mentioned in @01

Capacitor used in Compact Pulsed Power Application
Non Polarized Capacitor Polarized Capacitor
Ceramic Film Electrolytic Super
Capacitor E%itﬂr Caﬁimr Capacitor
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Figure 2.09 Capacitors used in compact pulsed papglications
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Capacitor | Dielectric Material Permittivity| Max dielectric| Min dielectric
Type @ 1 kHz strength(V/pm) thickness (um
Ceramic Paraelectric 12 - 40 <100 1

Ceramic Ferroelectric 200 - 14000 <25 0.5

Film Polypropylene 2.2 650 3.0

Film Polyester 3.3 580 0.7

Film Polyphenylene sulfide 3.0 470 1.2

Film Polyethylene Naphthalate 3.0 500 0.9

Film Polytetrafluroethylene 2.0 250 55

Paper Paper 35-55 60 5-10
Aluminum | Aluminum oxide ( AIO3) 9.6 710 <0.01
Tantalum | Tantalum pentoxide (X@) 26 625 <0.01
Niobium | Niobium pentoxide (Ni®s) 42 455 <0.01

Mica Mica 5-8 118 4 -50

Table 2.02 Parameters of dielectric used in capaitl - 43]

A ceramic capacitor is a non-polarized capacitodenap of ceramic material and metal in which
the ceramic material acts as the dielectric andrtéal as the electrodes. The ceramic material is
composed out of a mixture of finely ground granupesaelectric or ferroelectric materials,
modified by mixing oxides, which are necessary tohiave the capacitor's desired
characteristics. Paraelectric ceramic capacitorhigis stability and low losses for temperature
compensation in resonant circuit application. Felectric ceramic capacitor has high volumetric
efficiency for buffer, by-pass and coupling appiicas. Ceramic capacitor has high current

limitations so they are not preferred for fast Hage applications.
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Film capacitors are non polarized capacitors withrsulating plastic film as the dielectric. The
dielectric films are drawn in a special processatoextremely thin thickness, provided with
metallic electrodes and wound into a cylindricabid winding. The electrodes of film
capacitors may be metalized aluminium or zinc aaplo the surface of the plastic film.
Metalized film capacitors possess self-healing priops that is dielectric breakdowns between
the electrodes are not leading to the destructibrihe capacitor. The metalized type of
construction makes it possible to produce wounécidgs with larger capacitance values (up to
100 puF and larger) in smaller cases than withirfithefoil construction. Film/foil capacitors or
metal foil capacitors are made of two plastic filas the dielectric each covered with a thin
metal foil, mostly aluminium, as the electrodese Tddvantage of this construction is the easy
contractibility of the metal foil electrodes andettexcellent current pulse strength. A key
advantage of every film capacitor internal congtarcis direct contact to the electrodes on both
ends of the winding. This contact keeps all curpaths to the entire electrode very short. The
setup behaves like a large number of individuakcaprs connected in parallel, thus reducing
the internal ohmic losses and the parasitic indwegtaThe inherent geometry of film capacitor
structure results in very low ohmic losses andrg l@v parasitic inductance, which makes them
especially suitable for applications with very higirge currents applications, or for applications
at higher frequencies. The plastic films used aediric for film capacitors are Polypropylene,
Polyester, Polyphenylene Sulphide, Polyethylene hitegdate and Polytetrafluoroethylene or
Teflon .

Kraft paper is impregnated with electrical gradsteroil or similar high dielectric constant fluid
with extended foil plates. It is designed for imdétent duty, high current discharge application.

The advantage of these capacitors is enhance@noketo voltage reversal and its disadvantages
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are lower energy densities and large size. Dryahflled constructions are available using a
variety of dielectric materials- polypropylene, fkrand polyester with both foil and metalized
electrodes. In recent times the high energy denadlieved from metalized, segmented
metalized paper and segmented metalized polypropyas allowed designers to benefit from
the higher energy density achieved from this cowcstn.

Electrolytic capacitors have a metallic anode whgltovered with an oxidized layer used as
dielectric. The second electrode of electrolytipamtors is a non solid or solid electrolyte.
Electrolytic capacitors are polarized electricalmpmnents. Three families of electrolytic
capacitors used are aluminium electrolytic capesitwith aluminium oxide as dielectric,
tantalum electrolytic capacitors with tantalum meide as dielectric, niobium electrolytic
capacitors with niobium pentoxide as dielectric][4Bhe anode of electrolytic capacitors is
highly roughened to extend the surface area wincteases the capacitance value. The relatively
high permittivity of the oxide layers gives thesgpacitors the very high capacitance per unit
volume compared with film or ceramic capacitorse Btectrical parameters of the capacitors are
established by the material and composition ofdleetrolyte, especially by the conductivity.
Three types of electrolytes used are non solidtrellgte which has electrical conductivity ( ~
10 mS/cm), Solid manganese oxide electrolyte i%igh quality and forms long time stable
capacitors, its electrical conductivity (~ 100 m8)c Solid conductive polymer electrolyte for
capacitors with very low ESR values down to valgd® n12, its electrical conductivity (~
10,000 mS/cm). The larger capacitance per unitrnaelwf electrolytic capacitors than other
types makes them valuable in relatively high-curesrd low-frequency electrical circuits.

The supercapacitor is an electrochemical capawitwse capacitance value is composed of a

static capacitance stored in electric field withdouble layer and pseudo capacitance stored
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electrochemically with redox reactions and chanmgmgfer between electrode and electrolyte
[45]. The capacitance of double layer capacitathes charge stored statically in electric fields

within the double-layers on the surfaces of the élextrodes. A double layer is a structure that
appears on the solid surface of an electrode whisrplaced into a liquid. The thickness of this

structure acting like a dielectric is on the scafenanometers so it has the energy density
hundreds of times greater compared with conventi@hectrolytic capacitors. The pseudo

capacitors store charges through adsorption, riokenedox reactions and intercalation of ions
combined with charge transfer between electrolytd electrode [46]. Pseudo capacitors can
achieve much higher specific capacitance and endeggity than double layer capacitors. The
energy density of a pseudo capacitor can be as &d®0 times higher than in a double-layer
capacitor. In parallel to the research of the peeapacitance the conductivity of electrolytes for
double-layer capacitors could be reduced. Low ohdaigble layer capacitors for high power

applications were developed. Hybrid capacitors wkreeloped it has new electrode materials
such as Lithium ion to increase the pseudocapastan

Capacitors used in pulse power circuits are gelyehnadh voltage, fast discharge type designed
to have low inductance and low series resistangpically they are charged over a relatively

long period of time and then discharged via a ol@switch in microseconds or milliseconds.

The figure of merit used in assessing pulsed pavegacitors includes energy density, peak
current rating, inductance and reliable lifetim&][4The rapid charging capacitor bank power
supplies using solid state devices available inketaiThese power supplies are prone to failure
in intense electromagnetic environment. Power sepptan be made using simple resistive

charging circuit and its resistance is optimizedtifie fast charging [48].
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2.4 High voltage generatoffor pulse charging

High voltage generation circuits are either baseMarx generator or a pulse transformer. M
generators offer a common way of generating higltage impulses that are higher than
available charging supply voltagFast rise time, low energy anugh peak power Mar
generators are developesing ceramic capacitoifor applications in UWB[49] and using
plastic case capacitors foiPM sources [50].At lower energy levels (< 5 kJulse transformer
driven circuits are designed operate as dsla or double resonance circthat has added
advantage over Margeneratoidue to its compact size, low input voltage on prymside, low
driving energy requirement, only one single switoh energy transfer and capacity to run
high repetition ratesThe pulse transformer transfethe energy efficiently frol energy storage
capacitor to another capacitor under matched loadlitor. For the maximum energy transf
it is mandatory to have a coupling coefficient betw windings of the ansformetas 0.6, 0.385
or 0.153 [51 - 52]. The unloaded waveforms Tesla transformer for coupling coefficients .
shown in Figure 2.10.

= O-153

= K=O0o.38S

A

Figure 2.1Unloaded waveforms (Tesla transformer outg [51]
E.A Abramayan et. al. [5:-54] has reported the design and developmenmicro second
durationtransformer based accelerator for intense eledieam generation. P Sarkar et. al. |

has also reported the design of half Mega voltsfi@amer for EMP geeration
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2.5 Intermediate energy storage system

The pulse transformers that are used in the micorgkrange cannot be used to transform high-
voltage pulses of nanosecond duration becausegbkehiinductances and capacitances of the
windings that lengthen the pulse rise time andodighe pulse waveform. So, an intermediate
energy storage system is needed to deliver pealeptavthe loads. An intermediate energy
storage system accumulates electrical energy oecerngaratively long time, and then releases
the stored energy in the form of a square pulsmofparatively short duration for various pulsed
power applications. They are also known as pulsaif@ lines (PFL) or pulse forming networks
(PFN). A PEN consists of a series of high voltagergy storage capacitors and inductors. These
components are interconnected (as a "ladder netyvtnkt behaves similarly to a length of
transmission line. The component values of the BFNoptimized to synthesize a pulse output
with minimum flattop ripple. A PFL or PFN is chadyby means of a high voltage power source,
and then rapidly discharged into a load via a Wwgltage switch, such as a sparkgap.

2.51 Pulse forming lines

Pulse forming line is simplest of all pulse comaliing techniques, it starts with slow charging
process and gets tens of nanoseconds output putbeiat top amplitude. It can be made by off
the shelf available coaxial cable or putting tweeth concentric cylinders. Coaxial PFL is the
simplest both in terms of structure and operatlbrs simple to construct and easy to operate,
however, the drawback is that the output voltagéhaff of the charging voltage. A brief
comparison of various types of PFL’s is mentioned @ble 2.03. The electrical energy is stored
in the dielectric medium of the intermediate enesggrage system for very short duration
(micro-seconds to milliseconds). Solid and liquidlekctrics are used for pulsed energy storage

in the PFL. The compactness of the system depgnds the dielectric constant of the medium.
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S.No Characteristics Coaxial PFL Blumlein PFL Stapming line
1 Characteristic Impedange High Very high Low
2 Size Medium Large Compact
3 Electric Field Low Low High
4 Output Voltage Half of charging  Equal to chargingHalf of charging
5 Operating Voltage Medium High Low

Table 2.03 Comparison of various PFLs
2.511 Pulse forming line using solid dielectric
Solid dielectrics materials have higher breakdowrength compared to liquid and gases
dielectrics. A good solid dielectric should havevldielectric loss, high mechanical strength,
should be free from gaseous inclusions, and ma&stamd be resistant to thermal and chemical
deterioration. Studies of the electrical breakdomisolid dielectrics are of extreme importance
in pulsed power applications. When breakdown a&ctite solid dielectric get permanently
damaged, while gases fully and liquids partly rexzaeir dielectric strength after the applied
electric field is removedlhe conductivity of solid dielectric is not negltg when the electric
field exceeds more than 100 kV/cm, it increasesdhapvith electric field. The conductivity in
solid dielectric at higher fields is due to fielthission from electrodes, field aided thermionic
emission and field enhanced ionization of impusiti€he breakdown strength can be improved
by ultimately reducing or inhibiting these effeciehe main factors that influence the solid
breakdown strength are dielectric type and propgrtthermodynamic and mechanical states,
structural defects and impurities, electrode makennd surface conditions, applied voltage, gap

geometry, other environmental effects, etc [57]- 58
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The static and dynamic nature of high voltage ngsts used for the testing of solid dielectric
insulation. M M Morcas et. al. [59] and D B Watsemn al. [60] has reported a brief overview of
the application of statistical methods to estabtish insulation strength and life time of solid
dielectrics. The short term solid dielectric breakd studies is also reported by weibull
statistical analysis [61- 63]. Solid dielectricgenerally considered to be non-recoverable in the
event of dielectric breakdown but there are sistiet pulsed power applications where its use is
warranted. This can result in increased systemott@pee with the possibility of operating at
increased energy levels or reduced system voluiesever solid insulation failure under
pulsed power conditions is not fully understoodliddielectric materials have been used as
intermediate energy store for pulse compressiomgudiigh voltage cables [64]. The
investigation on high dielectric strength with hidielectric constant materials is one area which
can help in designing very compact and sophisticajstems. Ceramic materials has very high
relative permittivity and could be explored for nmak compact pulsed power system, but it is
not much used in pulsed power system due to itsopiectric properties [4]. Ceramic mixed
with epoxies are tried and considerable increaskelectric constant was seen [4]. Ceramic tiles
have been made and it has been possible to cheegeup to 60 kV [33].

2.512 Pulse forming line using liquid dielectric

Liquid dielectric is used in high voltage systemmssérve the dual purpose of insulation and heat
conduction. The advantage of liquid dielectrichatta breakdown path is self healing and the
temporary failures due to overvoltage are reinsdlajuickly by fluid flow to the attached area.
Efforts to understand breakdown mechanisms in getyaof liquid dielectric are continued for
longer time. There is no single theory that hasnbaeanimously accepted for breakdown in

liquid dielectric unlike in gases and solid becaokeomplex and not regular molecular structure
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of liquid. The effect of short- and long-term electstrengths of dielectrics as functions of
various influencing factors is studied and repoffi@s]. Methods of improving working field
strengths and calculating the static, volt-second statistical characteristics of the electric
strength of insulation and the insulation servigetime and reliability are also investigated.
Factors influencing the electric strength includedectric material properties, states (pressure,
density, viscosity, temperature, molecular, meaterstress condition, etc.), electrode material,
electrode surface, contaminations, polarity (foradd impulse), type (for ac, frequency is also a
factor), duration (for pulses) of the voltage, ilagion gap geometry and other environmental
conditions [58]. The increase in hydrostatic presswill increase the electric strength of liquids
for large electrode areas and for long voltage guuls1 us) [66]. For very pure liquids under
short-term voltage exposure, the main effect ofprature on electric strength is due to the
temperature-dependent density. The electric strersippwly decreases with the increasing
temperature and the decrease in voltage durati@kews this effect [67 - 68]. The dependence
of electric strength on electrode material is daetlte variations in the work function for
electrons going from metals to liquids. The elecsirength of liquid is mainly affected by the
anode material. Degassing of electrode materialeases the electric strength of degassed
liquids for dc and ac voltages by 15-20%. Shielding electrode surface by ionic layers and
heating the volume of liquid adjacent to micro-tipshigh-voltage conduction currents are two
means to increase local electrical conductivity aadsequently increase the electric strength of
gaps with liquid insulation. Coaxial pulse formiliges are widely used for pulse compression.
T.H Martin [69] has reported oil based helical pufsrming line having pulse power system
rated 1 MV, 752, 100 ns with capacitance of 750 pF. The coaxiédetorming line 60" long,

30" diameter with impedance and transit time oftdand 15 ns is converted to 1 MV, 260 ns,
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75 Q. An oil sparkgap has been used as output switth W6 MV/cm breakdown strength.
V.P Singal et. al [70] has also reported the dgwalent of blumlein based helical line storage
element for generation of 150 kV, | pulse. Water helical pulse forming line will also
significantly reduce the size of the system. Wétee from mechanical impurities and gas is
used in pulse power system and reduces the dimews$ithe system. Water has a breakdown
strength ~ 130 kV/cm at pulses with duration of gsland electrode areas of up to tens of square
meters, a large relative permittivity (~ 80) andnaall loss tangent in the frequency range of 0 —
1 GHz [71 - 72].

2.6 High voltage switch

The switch is an important component of pulsed posystem, which controls the flow of
current in a circuit and also shapes the pulse.stitch used in pulsed power system to transfer
peak power has operating time in range of ~ 1 ns 1@us. The switches capable for handling
giga-watt power and having very small jitter time few ns) are frequently needed in pulsed
power applications [39]. The conventional switcte no longer adequate to meet these
requirements so the development of new types dickes becomes necessary. The high power
switches are classified according to the mode ©fopteration as closing switch and opening
switch. The closing switch is used to make thetatssd circuitry and the current increases from
zero to the maximum value with the fall in voltamgross the switch. The opening switch is used
to open the electrical circuitry and the currerit imm the maximum value to zero with the
increase in the holding voltage of the switch. Ehewitches are generally trigged by external
sources. The rise time of the switch determinesperational limits. The rise time of the switch

is governed by three limits [5].
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Rate of carrier generation in the insulating mediofruniform field intensity resulting in

critical charge density in a given time.
Finiteness of propagation time of the electromagmesve across the switch

Circuit model in which the resistive and inductin®dels determines the rate of rise of

voltage pulse.

L
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Figure 2.11 Switches used in pulsed power system
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The switches used in pulsed power systems are showigure (2.11). Sparkgap switch is used
as a closing switch in pulsed power system. Itdiagple design, low cost, and its outstanding
switching characteristics displays an excellentag# withstand capacity (around a few MV)
and a high charge transfer capability. Sparkgapckes have fast nanosecond duration closure

time. A gas switch can be considered to be eledlyiclosed when under a high electrical field

64



stress the insulating gas between the electrodesnies conducting and a plasma chal
develops. The gap length between the two electredesld be kept to a minimum lower the
inductance of the gap. A small gap can howeverkbatan undesirable low voltage, althot
this can be avoided by pressurization of the gadiume The breakdown voltage depends
both pressure and length of géThe plot of breakdown voltageith product of pressu—

distance is called paschen curve. The paschen turgases is shown in FigL 2.12.
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Figure 2.12Breakdown voltage andressure-distanceurve for gase

The spargap switch is still not replaceable when a compatsed powe system is required to
generate high voltage (> 10 kV) and high currentl(kA) with fast rising (su-nanosecond)
electric pulses. The primatfiynitation lies in lifetime and repeatability tleer shortcomings wit
spark gaps areelated to electrode eron, insulator degradation, high arc inductance costly

triggering systems [73]. Thecovery of the sparkgap between first and subsequent pulses
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a very important phenomenon in repetitive pulseadrlggaps operation [74]. Pressurized
sparkgaps switches with hydrogen gas and presgute d20 kg/crh has been used for fast
switching up to 100 ps for ultra wide band generaf{i75]. Moran et. al [76 - 77] describes a
high repetition rate hydrogen sparkgap operatingressures upto 7 MPa and 0.1 mm to 10 mm
gap. In a triggatron mode, a recovery time of §80has been obtained. Faster recovery times
have been reported when the sparkgap was operatiédelow the self BDV. Recovery times
lower by an order of magnitude can be obtainedp®rating the sparkgap below fifty percent of
self BDV. The recovery time of hydrogen is slowéd@v pressure by an order of magnitude
compared to argon, it is an order of magnitudeefasat very high pressure. The recovery of a
mixture of hydrogen and argon falls between theesifor separated gases. Experiments of fast
recovery of hydrogen gas switch were also conducted 600 kV, 1Qus, 5 pulse, and 10 kHz
burst mode pulse power system.

Semiconductor switches are used for fast switclfasgy switching but it is limited by its power
handling capacities. These switches have becomalgopwing to their compactness, better
service time, efficiency and reliability over othgwitches in their operational regime.

2.7 Summary

The literature update and research issues in thelag®nent of compact pulsed power
technology is discussed. The sub-systems requoethé generation of high power pulse are
also discussed. To develop compact pulsed powknodagy, the combined research efforts are
required at component levels, system level andiedpmn level. The new components of the
pulsed power system could be developed using ngh bBnergy density materials such as
ceramics. The system level research leads to tlestigation of novel architectural technique to

reduce the size of the pulsed power system.
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CHAPTER -3
EXPERIMENTAL SETUP
The block diagram of the experimental set up fetitg of compact pulse forming lines is shown
in Figure 3.01. The primary energy storage capabiémk was charged with high voltage power
supply, and then discharged into the primary okg@utansformer through a triggered sparkgap
switch. The high voltage generated across the skecgrof the pulse transformer charges the
compact pulse forming line, which then dischardesugh a self breakdown switch into the

load.

Triggered switch Self-breakdown swit
Compact

High Voltage N Capacitor Pulse Pulge Load
Power Supply bank Transformer Forming
Line

Figure 3.01 Block diagram of experimental setup

The circuit diagram of the compact pulsed powetesysis shown in Figure 3.02. The supply
mains (Vac) is given to input of variac (V_TX), tbatput of variac is given to the input of step
up transformer (TX) to gradually increase the \gitathe secondary of the step up transformer is
then connected to the voltage multiplier circuignerate high voltage. The high voltage power
supply is connected to the capacitor bank (C_b#mkugh a decoupling switch (DC_SW), after
charging the capacitor bank to the rated voltage power supply is disconnected with
decoupling switch. The sparkgap switch (SW1) iggeired to discharge into the primary of the
air core pulse transformer (Lp). The high voltageeyated across the secondary (Ls) will charge
the compact pulse forming line. The self breakiparkgap switch (SW2) break at the set

voltage and a high power pulse is transferrededdhd (2).
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Figure 3.0: Circuit diagram of the pulsed power sys

3.1 High voltage power suppl

The capacitor bank washarged witra multiplier based in houskevelopec25 kV high voltage
power supply (Figure 3.03pupply mainvoltage (230 V, 50 Hz) wagiven toprimary of the
variac (0230 V) to gradually increase the input voltagethe primary of step up transforn
(230 V / 5 kV). The secondary of the transformwas connectedo a five stage voltage
multiplier circuitto charge the capacitor barThe five stage multipéir circuitwas built with El-
Ci-Ar make capacitar (5 kV, 0.22uF and high voltage diodelQkV, 500m#). Higher voltage
can be generated by increasing the number of s in the multiplier circuit.The power supply
was decoupledfter charging the capacitor bank to the ratedagelby a pneumatically operate

decoupling switch.

Figure 3.0: Multiplier based power supply
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3.2 Capacitor bank

The primary energy storage capacitor t consists of thdarge numbers of low inductan
capacitors connected in parallel, its switc and the power suppliesThe low inductanc
capacitors availablare selected for designing the primary energy g®systemA primary
energy storage capacitor bank ' designed and developedhich wa used in the primary
circuit of the pulse transformto generate high voltage pulsasd charge the pulse forming li
High voltage energy storage capacitor (Yesha M&k& J/ 50 kV0.16uf) was used in the
capacitor bank. The @ductance of the capacitor bawas 200 nH. ie capacitor bank w made
up of eight number of 0.16pcapacitor connected in paralkblat can be charged up to 50 |
The capacitor terminals are connecin parallel with the aluminiumlate (Figure 3.04). Four
numbers of RG 213 cablegere used to connect the capacitor bank tosparkgap switch. The
energy stored in the capacitor k was disharged by triggering the spgap switch. The

capacitor bank parameteasg mentioned in Table 3.02

ST |

& .

’ ,v,_:'-.-_-*

Figure 3.04 Capacitor bank
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Stored Energy 1.6 kJ
Peak Charging Voltage 50 kv
Capacitance 1.29 pF
Inductance 200nH
Peak current 125 kA
Size 100 x 60 x 30 cm

Table 3.01 Parameters of capacitor bank

The capacitor bank was connected to the primarthefpulse transformer through a triggered
sparkgap switch. After charging the capacitor bamkhe rated voltage the power supply was
decoupled from the capacitor bank. The sparkgapcewias then triggered to break and the
capacitor bank discharges into the primary of thise transformer. The sparkgap switch can
operate in 8kV to 50kV range by adjusting pressurthe gap. Four numbers of RG 213 coaxial
cables of 0.8 meters length were used to keepritiectance low and are connected to the
primary of pulse transformer through a triggerecérkgap switch. The inductance of the
capacitor bank and the connecting cable was 20@nmdH50 nH. The advantage of using coaxial
cables was that they are flexible and therefore thifer shock absorbing capability. These
cables are used in parallel to reduce the induetand to increase the current carrying capacity.
3.3 High voltage pulse transformer

The pulse transformer has two mutually coupledudisc The primary circuit has high voltage
capacitor bank which discharges into low inductprémary winding through a switch. The
secondary circuit has a high inductance secondangimg mutually coupled to the primary
winding and the load capacitance. Every dischanghe primary circuit magnifies the voltage in

the secondary coil. Figure 3.05 shows an air coteeptransformer, with the resonant circuits
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(L1C; and L,Cy) coupled through their mutual inductarM, R; and R are the resistance in tl
primary and secondary circuits. The open circusorant frequencies of the two circuits

chosen to be equal for complete energy transfen ttee primary circuit to the secondary cir

[78].
c2

(: I

| DL
Sc X~ L1 .{ % L2 12
\/\/  — j ¢
Vs
S ANA———
R2
Primary Circuit Secondary Circuit

Figure 3.09nductivelycoupled primary and secondary circ
As the sparkgap (Sa@)loses, the energy stored in the primary capacl; feeds L, and the
primary circuit oscillates close to its resonanmxfiency defined by the values ¢ and L.
Part of this energy is magmaally coupled into the secondary, that oscillates with its ow
resonance frequency. The amplitude of the resuttagitlation is at a maximum when these |
are in phase. The energy transfers back and faoth éne circuit to the other with this fluency
until it is entirely dissipated in resistive and RBEses
The primary capacitor ds initially charged, and when the sparkgap is @t, operation of the
transformer is descrileby the following equation<79 - 80].

For the primary circuit

Rily+=[ldt+ L 24+ MZ2=0 (3.01)
1

And for the secondary circu

Roly +— [ Lydt + L, T2+ MZ =0 (3.02)
2
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If g1 and g are the instantaneous charge on the capacitan€G, then

And equations 2.04 and 2.05 may be written as

dq 1 d?q d?q
Rld—;+c—1q1+L1dT;+MCT;:o (3.03)
dq 1 d2q d*q
de—tz+c—2q2+L2 dt22+Mdel:0 (304)

Introducing the differential operata))(:%) and combining equation 3.03 and 3.04 gives
auxiliary equation

R R R1 R R R
(1 — k?)D* + (i+L—i)D3 + (w3 + 0} +22)p? 4 (2w +iw%)D + w?w? =0 (3.05)

1L Ly
Where
_ M
k= N (3.06)
1
Wy = N (3.07)
_ 1
W, = Toe (3.08)
T is the tuning ratio,
_ (w1 2 _ LaGp
() - @09

Equation 3.05 has four complex ro&sand its solution can be written in terms of thergkaon
the capacitors as

q2 = XiAiexp (Eit)

q1 = XiBiexp (Eit)

WhereA; andB; are constant (and= 1..,4), which can be evaluated by using the Haun

conditions at t = 0 of
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q, = 0,q; = q (initial charge orC;) anddg; = dg,= 0

Subsequently, the primary and secondary capaailteiges can be written as

V=8 = 13 B exp(Et) (3.09)
C1 C1

V,= £ = 3. A exp(E;t) (3.10)
Cy Cy

Solution of equations 3.09 and 3.10, when the pyna&ad secondary resistances are neglected

gives the voltage developed across the secondauitoctapacitance £as

2kV; L, .

_ L2 wWatwp . Wp—Wgq
v, = T Llsln( > t)sm(—2 t) (3.12)

Wy = wl\/(1+T)—1/(1—T)2+4k2T (3.12)

2(1-k?)

w, = wz\/(1+T)+\/(1—T)2+4k2T (3.13)

2(1-k2)
w, andwy, are the resonance frequencies of the primary aocanslary circuits when coupled; the
physical constraints on the valuesko&nd T ensure thatv, and w, are always real. Equation
(3.11) shows that the secondary voltage is a highuency oscillationdfy + wz) / 2 which is
amplitude modulated by another low frequency cstodh (p - wa) / 2.
The optimum design of pulse transformer depends tip® coefficient of coupling, turning ratio
and dielectric medium [81]. The secondary capacéaf pulse transformer is determined by the
capacitance of the pulse forming line and the imteding capacitance of the secondary of the
pulse transformer. A compact high voltage pulsedi@rmer was designed and developed for
pulse charging and testing of the pulse formingdinThe primary energy storage capacitance
was determined by the availability of the capasitofhe primary capacitance was the
capacitance of the energy storage capacitor. Tineapy of the pulse transformer was energized

by discharging a 1.29 pF capacitor bank as disdussesection 3.2. The capacitor bank was
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discharged through a triggered sparkgap switch. ifldectance of the capacitor bank and
connecting cable were 200 nH and 50 nH. The indwetaf the cables is added in series to the
primary inductance of the transformer. The secondapacitance of the pulse transformer was
determined by the capacitance of the pulse forriimgused for intermediate energy store. We
will be designing a pulse transformer to charge 5 F capacity pulse forming line.

For resonance condition;,LC; should be close to,l C,, so we select the parameters as

mentioned Table 3.02.

Primary Capacitance 1.29 uF
Primary Inductance 450 nH
Secondary Capacitance 5.5nF
Secondary Inductance 110 pH

Table 3.02 Parameter of the pulse transformer redui
For the requirement of the project and the testihthe pulse forming line a pulse transformer
has to be fabricated with primary and secondarydtahce close to 200 nH and 110 pH.
3.31 Fabrication of the pulse transformer
A pulse transformer was fabricated with primaryuathnce of 200 nH and secondary inductance
of 110 pH. A single turn copper sheet was usedabkenthe primary of the pulse transformer and
RG 213 cable with braid removed was used as thendacy of the pulse transformer.
3.311 Cylindrical primary winding
A 0.5 mm copper sheet was used to make the primftiie pulse transformer. The internal
diameter and height of the primary coil was 240 amd 300 mm. The primary coil was placed
on the polyvinyl chloride cylinder to support itodr numbers of RG 213 cables (0.8 meters) are

used to connect the primary coil to the capacisokthrough a sparkgap switch (Figure 3.06).
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Figure 3.06 Primary winding of the pulse transfarme

3.312 Conical secondary winding

A tapered construction (with the larger diametethatbottom) was used for the secondary coils
to avoid any break-down at the high voltage endhef secondary winding. The high voltage
appears at the upper end (as the lower end is deal)rand the greater space around the high
voltage terminal prevents the possibility of anghivoltage break down. The secondary winding
was placed inside the deldrin mandrel used to sudpe primary winding. The secondary
winding was formed by 28 turns of commercially #aalie stripped RG 213 cable in diameter
wrapped around a conical mandrel with a lower diamef 170 mm, an upper diameter of 140
mm. The diameter of wire with 3mm and the pitchwanding is 7.2 mm (Figure 3.07). The
secondary of the pulse transformer was connectégetinner and outer conductor of the pulse
forming line.
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Figure 3.07 Secondary winding of pulse transformer

3.32 Filamentary modelling of conical pulse transfoner

The filamentary modelling of the high voltage pulsansformer is done to calculate the
inductance of the primary winding, secondary wigdamd the mutual inductance between them.
In the filamentary modelling the given assemblycohductors is divided into an assembly of
filaments in the direction of the current pathsotlgh the conductor. The filaments must be
sufficiently small for the current distribution their cross section to be regarded as uniform and
the dimensions should be much less than the eguivakin depth. The number of filaments
required to describe accurately their propertiesleantransient conditions is obtained by
calculating the parameters for a relatively smalinbers of filaments and then repeating the
calculations for a progressively increased numbstl uhe differences between successive

calculations are less than about 1% [82].
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By assuming a uniform current distribution acrdss tross section of the filaments the self
inductances and mutual inductance between evergilpespair of filaments can readily be
calculated from the well known formulae (Appendix Thereby the electromagnetic problem
was reduced to a simple circuit problem in which Holid conductors are represented by an
assembly of current filaments. The currents in daeimch are defined as state variables and the
circuit equations were written as set of lineastfiorder differential equations that have to be

solved for the circuit currents. A typical set gluations will appear in matrix form as

[ Ly My, ... Miny 1147 V]
My, Ly .. Myy [|L2]|V2

al — - - L

a- z - - (3.14)
(My1 My, Ly 1Lyl LV,

Where N is the number of filament(i=1...... N) is the current in thesifilament. {(i=1.....N) is
the complete inductive voltage term in the cir@aihtaining the i filament and Mi,j (j=1.....N) is
the mutual inductance between theand j, flaments. When i=j , Mi,j becomes; the self
inductance of the filament and equation (1) can be written in conifpaam as
% (ZX ML) =Vi(i=1...N) (3.15)
The set of first order differential equations thatresponds to the filamentary circuits model can
be solved using numerical ordinary differential a&gon with the filamentary currents thus
calculated providing the current distribution irethonductors. Most electromagnetic devices
encountered in the pulsed power have rotationahsgtry about one axis which is termed axial
symmetry. Because of this situation the model lenestricted to the cylindrical co-ordinates
(r,z,0) with symmetry about the z axis. Therefore in thest general case, the effect of an

arbitrary current path through symmetrical condisctan be defined in terms of combination of

z ando currents.
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Once the filamentary currents of any transformer lavown, the magnetic energy stored in all

the filamentary self and mutual inductances canadbeulated at any time during the discharge of
the capacitor bank [83 — 84]. The total energyexton the winding can then be found directly by

adding the magnetic energy associated with eaaméht and the result obtained must be equal
to the energy stored in the corresponding elemehtroped component model (i.e¥2). The

self inductance of the single turn primary windoan be written as [83,85]

N N
T X P Myl
= Zi=tty=r W) (3.16)
14 Np
(Zi=1li)
where N is the total numbers of filaments in the primaipaing.
The inductance of the multi-turn secondary windfrepresented by N concentric cylinders) is

given by [83,85]

Ns wNs o, o1
Yy Xj2y Mijlil
1 «Ng i 2
(ﬁ2i=1’1)

Where N is the total number of filaments in the secondainding

L= (3.17)

Similarly the mutual inductance between the primag secondary windings is [83,85]

Np N
14 p LT,
M. = Yoy X Mijlil;
p—-s — Np 1 Ny
2i=11i(ﬁzj:1lf)

(3.18)

Equations (3.16), (3.17) and (3.18) can be evatijateth the turns divided into a number of
filaments their effective self and mutual inductasiccan be calculated. The filamentary
modelling of the pulse transformer was done to udate the primary inductance, secondary

inductance and the mutual inductance between thelimg. The equation used in the

programming is described in Appendix-1.
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3.33 Parameters of pulse transformer

The parameters of the pulse transformer were sitediland also measured with LCR meter and
mentioned in Table 3.03. The LCR meter can mea$si@réductance in the range of 100 pH to
100 MH The accuracy in measurement of inductan€e2$6 in the range of 1 uH to 10 H, and
up to 2.5 % in the range of 10 nH to < 1 pH and>Hlto 1 kH. The simulated and experimental
results of secondary of pulse transformer chardimggpulse forming line is shown in Figure

3.08. The variation in experimental and simulatiesult was less than 2% for second peak.

Parameter Simulated Calculated
Inductance of Primary winding 215.7 nH 200 nH
Inductance of Secondary winding 109.5 pH 110 pH

Mutual Inductance 3.55 pH 3.5uH
Coefficient of coupling 0.73 0.74

Table 3.03 Parameters of the pulse transformeulzaéd

’7 Experimental
300 H —— Simulated il

200

-
o
[e]

-100

Voltage (kV)

-200

-300

-3.0u -2.0p -1.0u 0.0 1.0y 2.0 3.0
Time (Second)

Figure 3.08 Experimental and simulation resultsexfondary of pulse transformer charging PFL
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3.4 Compact pulse forming lines

Pulse forming lines essentially consists of a tmd@ssion line, that is charged as a lumped
capacitor (which forms the secondary capacitancth@fpulse transformer) to store electrical
energy and a high voltage switch to discharge ¢hisrgy in the transmission line to the load.
Newer concepts of pulse forming lines were explargidg high dielectric constant ceramics and
novel engineering techniques. The design detaits @d@velopment of these compact pulse
forming lines are discussed in chapter 4.

3.5 High voltage switch

A high voltage self breakdown sparkgap switch wasighed and developed for pulse

sharpening to operate at ~ 100 kV - 200 kV. Nitrogas was used as the dielectric medium
inside the switch. To achieve reliable closing amdaller switching time, operating voltage

should be nearly 80% - 90% of the static breakdwoltage. So static breakdown voltage of 200
kV is taken and recalling from the paschen curveofuiaining the value of pd (Figure 2.10). The

schematic of sparkgap switch is shown in Figur®.3.0

Figure 3.09 Schematic of sparkgap switch
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The working pressure inside the switch was takef Btkg/cnifor operating at 200 kV, so the
distance between the sparkgap electrodes requasdl w8 cm recalling from the paschen curve.
Brass was used as electrode material (Figure 3THa).diameter of the sparkgap electrode (D)
should be greater than the spacing between thades (d) for the uniform electric field inside
the sparkgap switch (D > 2d).
The emperical formulae for the calculation of théuctance and rise time of the sparkgap switch
was calculated by J. C Martin and his group [86]
Inductance of the switch (L) is given by [86],

L=14xd (nH) (3.19)
Where, d is the distance between the sparkgapedsst (in cms)
The sparkgap switch riseg] consist of the resistive phase rise tirtyg é&nd the inductive phase

rise time ¢;) [86]

te =22t 2+ t,2 (3.20)
1
()

t, = 88 20— (3.21)
Z2+E3

=7 (3.22)

Where,

p is the gas density angy is the gas density at NTP
E is the electric field inside the gap (kV/mm)

L is the inductance of the switch (nH)

Z =22Q, is the impedance of the system
Inductance of the switch is, L = 20.72 nH

The rise timet) of the switch is 13.7 ns
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Figure 3.10 Brass electrode of sparkgap switch

The performance of the sparkgap switch was alstulzkd for 1000 shots operation at 200 kV.
It will transfer 10 kA current for the duration 260 ns. So, the charge transfer during single shot
operation is 2.60 mC.

The erosion rate of brass electrode is 40 & d®*/C [87]. So, in a single shot operation 0.104 x
10° cn?® of brass material will be eroded from the eleatmdn 1000 shots the volume of brass
material eroded will be 104 x P@&n? from both the electrodes. The length of eroded$feom

the sparkgap is 2.3 x T&m, which is 1.5% of the distance between theteldes, which will

not affect the performance of the spar gap switch flarge extent.

There is another important issue of breakdown akhegsurface of insulator used to hold the
electrodes. Most commonly used insulators are epesins, polycarbonate resins, nylon, fiber
glass, delrin etc. As a rule of thumb surface faghn may be considered at 10 kV/cm, so that the
sparkgap breaks in the main dielectric insteadutinathe surface of the insulator. The surface

length may be increased by carving grooves over it.
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3.6 Diagnostics used in experimental setup

The voltage across the compact pulse forming lias measured with RC voltage divider (VD-
100) and the voltage across the load was measutbdRC voltage divider (PVM-5). The
accuracy of VD-100 and PVM 5 above 1 MHz signatjfrency is < 4% and < 2% respectively.
The specifications of these standard voltage digidee mentioned in Appendix- 2. The output
signal of these dividers is transferred through38&able to oscilloscope. The attenuation factor
of RG 58 cable is 0.4 db/100 feet at signal fregyeof 1 MHz, The attenuation factor increases
to 3.3 db/100 feet at 10 MHz and up to 22db/100 &4 GHz signal frequency. The inductance
and capacitance of RG 58 cable is 250 nH per nastdr100 pF per meter respectively. The
power handling capacity of RG 58 cable is 500 watt$0 MHz frequency. The voltage divider
output waveforms are recorded in oscilloscopea#t & bandwidth of 1 GHz, sampling rate of 4
GSa/s and memory depth of 8 Mpts. The vertical gaihtime base accuracy of the oscilloscope
is £ 2% and + 2.5% respectively. The accuracy iasaeement of PFL charging voltage is + 3%
and the load voltage is + 4.5%. The capacitor belmkrging voltage is measured with high
voltage probe connected to the multimeter metere high voltage probe has high input
impedance, provide attenuation of 1000: 1 and @suee ac/dc high voltages up to 40 kV. The
dc accuracy of the probe is + 2% for the measurargge of 0 - < 20 kV and £ 1 % for the
measuring range of 20 kV to 35 kV. The multimetan eneasure dc voltages from 30 mV to
1000 V with an accuracy of £ 0.0225%. The accuiaayeasurement of capacitor bank voltage
is £ 2.5%. The circuit parameter such as resistaimciictance and capacitance are measured
with LCR meter. It can measure the resistance énréimge of 10 {2 to 100 @2, inductance in
the range of 100 pH to 100 MH and capacitancefenrange of 1 pF to 1 F respectively. The

accuracy in measurement of resistance is 0.2 %enmange of 0.%2 to 1 MQ, and up to 2.5 %
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in the range of 50 @ to < 0.5Q and > 1 M2 to 50 MH. The accuracy in measurement of
inductance is 0.2 % in the range of 1 pH to 10| ap to 2.5 % in the range of 10 NHto < 1
pH and > 10 H to 1 kH. The accuracy in measureréotpacitance is 0.2 % in the range of
100 pF to 1 mF, and up to 2.5 % in the range ofFltg < 100 pF and > 1mF to 100 mF
respectively.

3.7 Summary

The subsystem used for the testing of compact gais@ng lines were designed and developed.
The capacitor bank discharged into the primaryhef pulse transformer, the secondary of the
pulse transformer pulse charges the pulse formmeg dnd it discharges to the load through a
spark gap switch. The in-house developed multifdeesed power supply was used to charge the
capacitor bank. The primary energy storage capaditmk was made by using available
capacitors. The high voltage pulse transformer dessgned and developed for pulse charging of
the pulse forming lines. The design and developmémpulse forming line are discussed in the

chapter 4.
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CHAPTER -4

DESIGN AND DEVELOPMENT OF COMPACT PULSE FORMING LIN ES
Pulse forming line (PFL) is an important sub syst#na pulsed power system. It is one of the
basic elements of a pulsed power system for produeery fast rise time pulses of the desired
pulse width. The impedance of high voltage generatgenerally high and the loads of pulsed
power devices are of generally lower impedancesthsoPFL is used in intermediate stages,
which is charged in few microseconds of durationd discharges in few tens to hundreds of
nano seconds of durations into the loads. It is ated for matching the source impedance with
the load impedance to deliver peak power.
Transmission lines are widely used in the produncéiod transformation of fast rise time voltage
and current pulses. A transmission line is a setasfductors used for transmitting electrical
signals with frequencies reaching the microwaveguesncy bandsThe principle properties of
the transmission lines that are useful are timaydempedance and reflection of pulses. With
proper switching, transmission lines can be usee-shape the form of the incoming pulse with
the pulse width determined by the length of thednaission line. When they are used for this
purpose, they are referred to as pulse forming l{(f#-L). Often, there is no clear-cut distinction
between a transmission line and an ordinary etectrcuit. Whether the two conductors should
be treated as a transmission line or as an elextdgit depends on the ratio of the length of the
conductors and the wavelength of the applied veltéfgthe wave length is very long compared
to the length of the conductors, it can be treatedn electric circuit. Otherwise it should be
considered as a transmission line. Transmissianihen used as intermediate store, for pulse
compression from the main energy storage suchMara generator or the pulse transformer are

usually placed between the primary energy storégyaent and the load.
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4.1 Circuit analysis of transmission lines

The standard circuit theory cannot be employed onekectrical network at microway
frequencies so an alternative aisis is applied to the system [8Transmission line theory is

tool which bridges the gap between circuit theangd acomplete field analysis. Transmissi
lines lie between a fraction of a wavelength andiynaavelengths in size. Conversely, in circ
analysis, the physical dimensions of the network mauch smaller than the wavelength.
transmission line is considel a distributed parameter network as opposed toaitiwhich

consists of lumped elements. Consequently, theaget and currents associated wit

propagating wave in a transmission line can varyath phase and magnitude over the lengt
the line.A uniform transmission line is a distributed circthiat can be describe as a cascac
identical cells with infinitesimal leng (Figure 4.01) The conductors used to realize the line

a certain series inductan@e), serie: resistance (R) and shutdpacitance (C. In addition, there
is a shunt conductandgs) if the medium insulating the wires is not perfe€he uniform

transmission line is represented as the distrd circuit (general lossy line

Ldz Rdz

L Y '-\f\“-"\},— .

Cdz — Gdz - Gdz

Ccf.zI
I <

|

I

1

-

o AAA

Ldz Rdz
VY Vi ’\'\l,-'“'. \)f\
dz

— X

Figure4.01 Transmission line with distribuwteircuit

\
1

Each cell of the distributed circuit will have ingance elements with values: Ldz, Rdz, Cdz
Gdz arethe infinitesimal length of the cells. If we cantelenine the differenticbehaviour of an
elementary cell of the distributed circiin terms of voltage and current, we can find a gl

differential equation that describes the entiragmaission line. The solution for a uniform los
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transmission line can be obtained with using thawadent circuit for the elementary cell sho
in the Figure. 4.02.

Ldz
= NV Y
I(z)

A(z) +dl

V(z) + dV

\.\« V l
V(z) _[

&

- "—\ff\v*‘

Figure 402 Equivalent circuit of lossy transmission |
The series impedance determines the variation efvtitage from input to output of the ce
according to the subircuit (Figure 4.03) theorresponding circuit equatior
(V+dV) -V =—(joLdz + Rdz)I (4.01)

Fromwhich we obtain a first order differential equation the voltag

T =—(joL+R)1 (4.02)

The current flowing through the shunt admittanceegeines the inproutput variation of th
current, according to the suircuit Figure 4.04The corresponding circuit equatiol

dl = — (jwCdz+ G dz)(V +dV)

= —(wC+G)Vdz— (jwC + G)dV dz (4.03)
Ldz Rdz
PR Vo Vo Va AAA ~
P y
I{(z)
V(z) V(2) + dV
& dz N
w *

Figure 4.03 Series impedance

87



(=) T s (=) +dl

V(z) + dV
Cdz I Gdz=

Figure 4.04 Shunt admittance

The second term (ddz) can be ignored, giving a first order differahgquation for the curre

S = —(oC+ &)V (4.04)

We have again a system of coupled first order dffeal equations that describe behaviour

of voltage and current on the lo transmission line

T = —(joL+R)1 (4.05)

S = —(oC+G)V (4.06)

These equations (4.05, 4.0 the “telegraphers’ equatiorfor the lossy transmission li.

One can easilgbtain a set of uncoupled equations by differeinigadvith respect to th

coordinate z as done earlier

d?v
2

= =—(joL+ R)% = (joL + R)(jwC+ GV  (4.07)

L= —(joC+ 6 Y = (joC + O)(joL+R)I  (4.08)
These equations (4.07, 4.G8% the “telephonists’ equations” for the loss.
The telephonists’ equations for the lossy transimisdine are uncoupled second or
differential equations and are again wave equatidiee general solution for the Itage
equation is
V(@) =Ver?+V =V, e“efzt v eg?elh? (4.09)
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Where the wave propagation constant is now the tmaguantity

y=4/(joL +R)(juC +G) =a + jB (4.10)

The real parto of the propagation constamtdescribes the attenuation of the signal due to
resistive losses. The imaginary pudescribes the propagation properties of the sigaaks as

in loss-less lines. The exponential terms includingre “real”, therefore, they only affect the
“magnitude” of the voltage phase. The exponengiaht including3 have unitary magnitude and
purely “imaginary” argument, affecting only the ‘gge” of the waves in space.

The current distribution on a lossy transmissioe ican be readily obtained by differentiation of

the result for the voltage

& (oL +R) =W e e
dz
This gives
_(juC+G) . -
)= (Ve ¥ -V
O gam ) (4.11)

= Zl (Ve -Vver)

0

5 - [(juL +R)
° \(joC+G) (4.12)

For loss-less transmission line, R = G = 0, equadid 3 becomes

Zy= \/% (4.13)

For both loss-less and lossy transmission linechia@acteristic impedance does not depend on
the line length but only on the metal of the condtg; the dielectric material surrounding the

conductors and the geometry of the line cross-@ectvhich determiné, R, C, andG.
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4.2 Coaxial Pulse forming line

Transmission line based pulse forming line can bdarby using commercially available coa:
cables or by putting two/three concentric cylinderth suitable dielectric filled between the
A coaxial pulse formingine is frequently used tproduce extremely high pulsed power (-

gigawatt) levels by compressing the pulse duratitmnanoseconc

HighVoltage
Source

l Outer Conductor

R == Zc%
Dielectric Medium

Spark gap
Switch (S)

Figure4.05 Coaxial pulse forming line
The configuration of basic coaxial pulse formingeliis shown in Figu 4.05. It comprises of
two single length concentric cylinders with suitaldielectric filledbetween them and a fe

switch. The dielectric medium used in coaxial pulse fornling is mentioned in Tabl4.01.

Dielectric Mediun | Dielectric Constant Break down Voltae
Deionised Wate 81 150 -300 kV/cn
Ethylene glycc 42 250 kV/cm

Mineral Oil 2-3 150 kV/cm
Castor Ol 4-5 200 kv/cm
Polyethylene 2-2.5 200 kV/cm

Table 4.01 Dielectrics used in PFL
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A high voltage source charges the coaxial line ciWwhiehaves as a capacitor for a slow char

voltage. After completing the charging of the sentghe, the closing switc(S) is turned on.

W '
W
— t= O
vzt — — — —— — — - —~
—
o -
’ =
wr
ol
e t= 12w
W2 = - o=
—r
o .
r =
W
t= lfw
W2
—
2] =
I =
W
t= S

Figure 406 Pulsed power generatitmom a single line

The charging voltage and the length of single line are ¥ and |, respectively. The closit
switch is turned on at t=0. The waves with a vat&l/2 and a velocit\(v) propagate into two
directions, to the load side and to the source. didihe load resistance R is the same as
characteristic impedance of the 1Z,, all the wave energy propagating to the load $ix
absorbed by the load resistor. The wave prating to the source side is reflected back to
load side, since the source impedance is usuatigidahan . The voltage distributions on tl
single line at different times are easily obtai@sdshown in Fiure 4.06 The waveform of the
output voltge on the load is shown Figure 4.07 The voltage becomes half of the charg

voltage of the single line, and the pulse widthdmees two times of I/v

V2

MWt
Figure 4.07 Output Voltage
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The design of PFL includes optimization of innerdad outer radius (b) of the coaxial cylinder
of length (1), dielectric materiaky), to get required pulse duratiot) &nd source impedancey)Z
The length of the line will govern the pulse duratiwhich gets altered by the dielectric material
used in it by virtue of velocity of wave propagatiduring the transmission in the medium. The
basic design equations are as follows [5, 87];

(i) Velocity of propagation,

c

Vop = = (in m/s) (4.14)
Wherec is the speed of light in vacuum
(ii) Pulse duration,

r = 2L (4.15)

Vop

(iif) Maximum stress will occur on the outer diame¢2a) of the inner cylinder and given by:

\%
Emax = pkb (416)

aln(g)

WhereV,, is the peak PFL charging voltage

(iv) Inductance per unit of coaxial PFL,

L = b (2) (4.17)

21 a

(v) Capacitance per unit of coaxial PFL,

2TEYEr

C = n(®) (4.18)
(vi) Characteristic impedance of the coaxial PFL,

Zo = |7 (4.19)
(vii) Load reflection coefficient,

Po= pn (4.20)



The compactness on the PFL depends on the lengtie @onductor used, dielectric constant of
the medium, temperature and stress on the mediuenwllV be exploring these parameters to
develop compact pulse forming lines.

4.3 Development of solid dielectric pulse formingrne using ceramic material

Compact pulse forming line can be made using cexmmiaterial as it has large dielectric
constant (few hundreds to few thousands) and high breakdown strength (more than 300
kV/cm). Conventionally PFL are made up of castdy pliastics and other dielectric materials
whose relative permittivity varies 2-10 [88]. Thenbth of PFL is increased if these materials are
used for generating few hundreds of nanosecongsailst width. The length of the PFL,~
1/eY2 (heree = e, &0 is the vacuum permittivity). The highercan lead to shorter length of the
PFL. So, the length of the PFL can be reduced mgusgh relative permittivity material such
as ceramics. Ceramic materials also have low dreddosses. Ceramics materials can be used to
construct very low impedance pulse forming linasapplications to low impedance load such as
z-pinches. With the recent development in matéeehnologies, it is now possible to employ the
glass ceramic slab or sintered Sr@ramic with high relative permittivity,{ of up to 300 as
energy storage dielectrics in PFL [89-90]. The mecamaterial is ideal for energy storage in
PFL, but large ceramic bulks are difficult to maamttire. The energy density)(in the PFL is
determined by botlz and breakdown strengttEd). The energy density is more important
becausev ~ E, 2. However, theE, of conventional ceramic dielectrics is usuallyited by the
presence of porosity which acts as the source adl lelectrical stress concentration. Some
pioneer work has been done by using sintered cerlanik as dielectric during recent years [91 -
92]. The focus of the former work is fabricatingder ceramic bulk with low porosity to

increase the output voltage of PFLs, which is qditécult and greatly limited by the level of
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material technology. It is also reported that barititanate tiles has been made and by milling
grooves into the sides of the tiles it has beersiptes to charge them up to 60 kV without
breakdown [33].

In an effort to develop transmission line with higinergy storage capabilities for compact pulsed
power system for single shot applications, ceradigectrics and their electrical breakdown
strength are needed to be studied. The compositecttic can be made using ceramic materials.
Ceramic material was mixed with epoxy resins arghéi dielectric constant has been reported
[4,36,89]. Ceramic material such as barium titarzaié barium strontium titanate has very high
relative permittivity so very high capacitances amaimpact PFL can be made using these
materials. We have investigated composite dieleataterial using barium titanate and neoprene
rubber for making compact PFL as rubber has bettstic properties compared to epoxies.
Barium tiatnate was not widely used in pulsed posystems due to its piezoelectric properties
[93]. During high voltages discharges local stresaee developed in barium titanate, which
breaks the material. To overcome these stressesrbatanate was mixed with neoprene rubber,
as rubber was an elastic material. When local stseare developed in barium titanate due to its
piezoelectric properties during the high voltagecarges the rubber will expand and contract to
absorb the stress and regain its original shape #i¢ discharges.

4.31 Physical properties of barium titanate

Barium Titanate has a very high relative permityii- 1200 - 5000) so it was used for making
compact pulse forming line. The chemical formula bafrium titanate is BaTi© It is an
inorganic compound. Barium titanate is a white pewdnd transparent for larger crystals.
Barium titanate is a ferroelectric ceramic matendath a photorefractive effect and piezoelectric

properties. The physical properties of barium atanare mentioned in Table 4.02. The barium
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titanate solid exists in five phases, listing frdwigh temperature to low temperature are
hexagonal, cubic, tetragonal, orthorhombic, anent@hedral crystal structure. All of the phases
exhibit the ferroelectric effect except the cubitape. The high temperature cubic phase is
easiest to describe, consisting of octahedrak Téhters that define a cube with Ti vertices and
Ti-O-Ti edges. In the cubic phase,?Bas located at the center of the cube, with a nainin
coordination number of 12. Lower symmetry phases stabilized at lower temperatures,
associated with the movement of the’B® off-center position. The remarkable propertés

this material arise from the cooperative behavifithe B&" centres.

Formulae BaTi@
Composition Ba—-58.9, O -20.6, Ti—20.5
Purity 99.9%
Particle Size 1 — 3.0 microns
Dielectric constant 1200 - 5000
Boiling Point 1640°C
Density 6.08 gm/crh
Electric Resistivity 50 e.cm
Crystal Structure Tetragonal

Table 4.02 Physical properties of Barium Titan&t] [
Barium titanate is manufactured by heating bariambgonate and titanium dioxide. The reaction
proceeds via liquid phase sintering. Single crgstaln be grown around 1100 °C from molten
potassium fluoride. Barium titanate is a dielectderamic used for capacitors. It is a
piezoelectric material for microphones and othansducers. As a piezoelectric material, it was

largely replaced by lead zirconate titanate, alsown as PZT. Polycrystalline barium titanate
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displays positive temperature coefficient, makih@ iuseful material for thermistors and self-
regulating electric heating systems.

4.32 Physical properties of neoprene rubber

Neoprene rubber is an elastic material so it wasl e absorb the mechanical stresses that are
developed during high voltage charge and dischargjde the pulse forming line. Neoprene is a
family of synthetic rubbers that are produced byymperization of chloroprene. Table 4.03
shows the physical properties of the Neoprene nuiNeoprene exhibits good chemical stability,
and maintains flexibility over a wide temperatu@nge. It is used in a wide variety of
applications, such as electrical insulation, liqaid sheet applied elastomeric membranes or
flashings, and automotive fan belts. Neoprene a&lyeced by free-radical polymerization of 2-
chlorobutadiene. The polymerization is conductedam aqueous emulsion, using diverse

emulsifying agents such as alkyl sulfonates.

Common Name Neoprene
Composition Chloroprene
Material Designation (ASTM D-2000) BC, BE
Temperature range -30F/212F
Tensile Strength, (PSI) 1000-3000
Elongation % 200-500
Hardness Range (Durometer Shore A 15t0 95
Specific Gravity (Base Material) 1.23
General Properties Weathering Resistance, Flaragdiey,

Table 4.03 Physical properties of Neoprene Rulb@@r [
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4.4 Fabrication of barium titanate — rubber pulse brming Line

A simple coaxial pulse forming line was made axubsed in section 4.2. It has two coaxial
cylinders and the dielectric medium filled betwebe cylinders. A coaxial pulse forming line
was made using two coaxial SS 304 cylinders (Figu@8).The diameter of the inner cylinder
was 120 mm, and the diameter of the outer cylindais 240 mm. The thickness of outer

cylinder was 2mm. The length of the PFL was 350 mm.

Figure 4.08 Barium titanate rubber pulse formimg li
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The volume between the two cylinders was fillednabmposite mixture of barium titanate and
neoprene rubber. The mixing ratio was selectedr gfteparing few samples of composite
mixture at different ratios and it was found thet,the quantity of barium titanate was increased
in the composite mixture (> 1:10) the uniformitydahomogeneity of composite mixture was
drastically reduced and it becomes very hard. Ateloratio it was mixed properly and
uniformity is seen. So, the composite mixture wespared by mixing barium titanate of 1-3
micron size with neoprene rubber in the ratio di0land studied. Also, for higher mixing ratio it
increases the quantity of barium titanate, so teeip-electric effect will dominate and leads to
reduction in electrical breakdown strength. At lowatio of barium titanate the dielectric
constant will be relatively low so it will not shosignificant compactness achieved. Other
additives Magnesium oxide (MgO), Zinc oxide (ZnSjeric acid and mineral oil in traces are
added for the curing of the rubber. These mateasdsadded with barium titanate and neoprene
rubber and mixed in rolling mill for an hour thang filled between the cylinder by heating the
mixture to 120°C and then gradually cooling it to room temperature solid dielectric pulse
forming line was made with the composite mixture bafrium titanate and rubber and its
parameters are calculated using equation 4.122td Zhe relative permittivity of the composite
dielectric was measured and found to be 85. lissu$sed in chapter 5.

Inductance of the PFL, L =48 nH

Capacitance of the PFL, C = 2.4 nF

Impedance of the PFL, Z = 4%

Transit time, T = 21 ns

The high voltage testing and the effect of appkéettric field on the non linear behaviour of

relative permittivity of the composite dielectriccadiscussed in chapter 5.
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4.5 Development of water helical pulse forming line

Pulse power system generally use deionised waténtasnediate energy storage. Deionised
water is used as liquid dielectric medium in pulpesver system because of its high dielectric
constant, high dielectric strength and efficien¢érgry storage capability, which allows designing
compact and efficient low impedance pulse forminged. In a PFL made of conventional
coaxial line it is hard to produce longer duratfogh voltage pulse in smaller size. An increase
in the pulse width requires the length of the cabyulse forming line be increased. So the
length of the coaxial PFL required becomes sigaifity long for the generation of longer
duration rectangular pulses. An alternative topplags investigated to increase the pulse width
in compact geometry. The pulse width was also as®d by using helical inner conductor,
without physically increasing the length of the PHIhe helical pulse forming line produces
longer pulse compared with conventional coaxiahgraission line as it has higher inductance
and increases the transit time. This helical ptdsming line also increases the impedance and
the width of the pulses formed without increasihg tength of the PFL. The transmission line
characteristic of helical inner conductor is useddenerating longer duration rectangular high
voltage pulse. We have designed and investigatéidahavater pulse forming line for the
generation of longer duration rectangular pulsdeiiver peak power to the loads. The effect of
reduction in water temperature on relative permiiitiis also investigated for increase in pulse
width, which can further reduce the length of tfv&.RRnd can make compact systems.

4.51 Relative permittivity of water

The relative permittivity of water&) is a complex quantity and depends on the frequehioe
relative permittivity is given by

& =&+ (&-&.) | (L+jop) (4.21)
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Where &, is the relative permittivity at infinite frequendyhe square root of the index of
refraction for visible light)

&g, is the static relative permittivity at zero freqaegn

Tp, IS the Debye relaxation time and is the measutbefime required for the molecular dipoles
to reorient in a changing field.

The ratio of the imaginary part &, to the real part is termed the loss tangent. dpjsarent that
for oo << 1, & = & For polar liquidsé,, << égand can often be neglected.

Table 4.04 lists reported relative permittivity atmks tangents of water as a function of
frequency and temperature. It shows that the Kjglalues are operative to time scales of 1 ns.
The loss tangent values at low frequencies areestesp to be due to ohmic impurities rather
than actual properties of the pure substance.

The Debye relaxation time for water is extremelyainbeing of order 10 ps at ¥5 and shows
exponential increase with decreasing temperatuee tduincreasing viscosity. Howevetp
remains below a nanosecond and hence is not of gogeern in high-energy pulse-power
applications [66]. A useful empirical formula fonet temperature dependence of the static
relative permittivity of water is [71]

&5=7854 (1-4.579 x 10Ty) + 1.17 x 10 T - 2.8 x 10T,®  (4.22)

Where T = Tp — 25 is the centigrade temperature.

As T rises, thefg value falls slowly, decreasing from 88.1 &i@to 78.2 at 28C
The decrease iég with increasing temperature results from the iaseel thermal agitation of

the molecular dipoles.
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TCPC) [f(Hz) [1x18 [1x10 [1x10 [1x1F [3x10 [3x10 [1x1d°
1.5 & 87.0 87.0 87.0 87.0 86.5 80.5 38

tand |0.1900 | 0.0190 | 0.0020| 0.0070 0.0320 0.3100  1.0300
5 & - 85.5 - - 85.2 80.2 41

tand | - 0.0220 | - - 0.0273 | 0.2750| .0950(
15 & - 81.7 - - 81.0 78.8 49

tand | - 0.0310 | - - 0.0210 | 0.2050| 0.700(
25 & 78.2 78.2 78.2 78 77.5 76.7 55

tand | 1.4000 | 0.0400 | 0.0046| 0.0050 0.0160 0.1570  0.5400
35 & - 74.8 - - 74.0 74.0 58

tand | - 0.0485 | - - 0.0125 | 0.1270] 0.400
45 & - 71.5 - - 71.0 70.7 59

tand | - 0.0590 | - - 0.0105 | 0.1060| 0.400(
55 & - 68.2 - - 68 67.5 60

tand | - 0.0720 | - - 0.0092 | 0.0890| 0.360(
65 & - 64.8 - - 64.5 64.0 59

tand | - 0.0865 | - - 0.0084 | 0.0765| 0.320(
75 & - 61.5 - - 61 60.5 57

tand | - 0.103 | - - 0.0077 | 0.0660| 0.280(
85 & 58 58 58 58 57 57 56.5

tand | 1.24 0.124 | 0.0125| 0.0030] 0.0073 0.0660 0.2800

Table 4.04 Relative permittivity and loss tangenadunction of frequency for water [96]

4.52 Electrical breakdown in water
Electrical breakdown in water has to be avoideddaghe pulse forming line. The physical
mechanisms of electrical breakdown in liquids apé completely understood. It is generally

thought that for short sub-microsecond time scddesakdown is due to ionization, while for
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time scales greater than few microsecond bineakdown is in part due to the thermal effects
causing bubbles. Gas evolution due to electrolygy also be important [97]. Other proposed
mechanisms of electrical breakdown in water condbm ionization and migration of water
molecules [67]. Electrical breakdown in water octiviough a statistical probability governing
the initiation of the breakdown process, followedthe propagation of a streamer, and then a
resistive-inductive circuit response as the curremitds up in the newly formed ionization
channel.

The empirical relation for liquid breakdown was gjivby J. C. Martin and his group [86]. After
performing a large number of dielectric breakdowp)(measurements for various liquids as a
function of electrode arefa(cnr) and effective stress time t, (in)p&heret. is the time from 63

percent Vhaxt0 Vimax for a voltage pulse Yt ) = Vimax(l - cosmt) [86].

Ebte§A1_10 = C (Constant) (4.23)
Where,
C = 0.5 for transformer oil, methyl alcohol, etlaytohol
C = 0.7 for Glycerine, Caster oll
C = 0.3 for water positive electrode breakdown
C = 0.6 for water negative electrode breakdown
For sub-microsecond time scales it was found tleakadtown strength EMV/cm) of water is
polarity dependent. Breakdowns in water usuallygindtes from the positive electrode in
parallel plate electrodes geometry. For differenglyaped electrodes such as for coaxial
cylindrical electrodes, the sharper electrode igallg kept negative to allow higher voltage
operation. These results are normally independetiteosmoothness of the electrodes as long as

gross roughness is avoided.
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4.6 Fabrication of water helical pulse forming line

Water helical PFL was designed and fabricated (€igl09). The helical PFL inner conductor
was made up of SS-304 strip rolled on the delriimdgr. The outer cylinder was made up of
SS-304. The length of the PFL was 800 mm. The vellratween the inner strip and outer
cylinder was filled with deionised water circulatéarough a pump and deionizer unit. The

conductivity of the deionised water was less thau8/cm.

L.20CM

Figure 4.09 Water helical pulse forming line

The capacitance per unit length of helical lingiigen by [98]

Ch=Co[l+ (e — 1) . Dga)]. [1 - K (ya,yb)™* (4.24)
The inductance per unit length of helical lineigeg by [84, 98]

Ln= Lo [1 - K. (ya,yb)] (4.25)
Where, Gand Lyis capacitance and inductance per unit length iédidine without a dielectric
and a metal shield, H{ya,yb) and K (ya,yb) is the capacitive coupling coefficient and intie
coupling coefficient between the helical line amé tmetal shield and i) is the modified

coefficient of the dielectric [98].
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Co= 2o/ lo (va) - Ko (va) (4.26)

Lo=po B2 cofy . I (ya) . K (ya) / 2ty? (4.27)
Ke = lo(ya) - Ko(yb) / lo(yb) . Ko(ya) (4.28)
KL% = h(ya) . Ki(yb) / h(yb) . Ki(va) (4.29)
D(ya) =ya . b(ya) . K.(ya) (4.30)

Here,ais the radius of the inner helical linejs the radius of the outer cylindey,is the helix
angle. } and K, , with n = 0,1 are the modified Bessel functiod amodified Hankel functiony ,

B and k are propagating constant of electromagrfezgild along the radial direction, axial
direction and in free space.

The impedance of pulse forming line is given by [5]

7= |k (4.31)

Ch
Pulse duration across the load is given by [5],

Figure 4.10 Inner helical conductor

104



The Helical pulse forming line was fabricated wiblowing parameters (Figure 4.10).

Diameter of inner helical line conductor, a = 1681m

Diameter of outer cylinder, b = 236 mm

Thickness of outer cylinder, t =2 mm

Number of turns = 13

Width of SS conductor strip = 39.5 mm

Thickness of SS conductor strip = 0.5 mm

Pitch of the SS strip = 20 mm

Length of the PFL = 800 mm

Capacitance of helical pulse forming line, C =5

Inductance of helical pulse forming line, L B

Impedance of helical pulse forming ling, Z22Q

Pulse width = 260 ns

The helical pulse forming line was pulse chargethva high voltage pulse transformer and
discharges into the load through a high voltagklsebkdown pressurized sparkgap switch. The
testing and experimental results are discussebapter 5.

4.7 Summary

The compact pulse forming line can be developedgukigh dielectric constant medium inside
the PFL and also by increasing the length of the. BFcompact solid dielectric pulse forming
line was designed and developed using a compositunma of barium titanate ceramic and
neoprene rubber. Barium titanate is piezoelectiatenal and stresses are produced in it during
high voltages discharges. The neoprene rubber viseednwith barium titanate as it will absorb

the stress produced during charging and dischagfitige PFL. Another compact pulse forming
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line using transmission line characteristic of ¢@lli inner conductor was designed and
developed. Deionised water was used as dielectedium inside the PFL. The high voltage

testing and result analysis of these compact galeaing lines are discussed in chapter 5.
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CHAPTER -5
EXPERIMENTAL RESULTS AND ANALYSIS OF COMPACT PULSE FORMING
LINES
5.1 Testing of the solid composite dielectric of bariuntitanate and rubber
The high voltage performance of the composite digle material can be predicted by the
behaviour of the composite dielectric as a wholee Tollowing considerations determine the

performance as a whole:

The stress distribution at different parts of thatenial is distorted due to the different
dielectric constant and conductivities.
- The breakdown characteristics at the surface d@eetatl by the insulation boundaries of
other dielectric.
- The internal or partial discharge products of oiedtric invariably affect the other
dielectric.
- The chemical ageing products of one dielectric affect the performance of other
dielectric.
The end point of the solid insulation is normalgached through puncture, thermal runaway,
electrochemical breakdown, or mechanical failueglieg to complete electrical breakdown.
The high voltage breakdown testing of the compatigéectric material was done and its relative
permittivity was also calculated. The compositelatigic PFL was pulse charged and its
performance was seen. The relative permittivitycefamic behaves nonlinear to different
applied electric field. The composite dielectricteral was subjected to different electric field
and its non linear behaviour was experimentallyestigated and reported in the following

section.
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5.11 High voltage breakdown testing of the compositdielectric material

The breakdown strength of a material is examinegeggdly by two methods: static tests in
which a number of identical samples are stresseal @instant electric field and the time to
breakdown of each sample is measured; or dynarsiis ite which the electrical stress applied to
an equivalent sample set as a function of time ted magnitude of electric field and the
breakdown of each sample record@the dynamic testing is generally preferred, becdhse
variation in the measured results is less thanftragquivalent static testing [99]. Furthermore,
static testing, particularly over extended periotisime, requires critical control of the electric
field, assmall variations in field can give rise to sign#it variations in the breakdown time.
Static tests are useful the determination of a figure of merit and lifetb& sample [59].

The schematic diagram of the high voltage testihngomnposite dielectric material is shown in
Figure 5.01. The composite dielectric material wasprecisely in the size of 1 cmx 1 cm x 1
cm to prepare the test sample. The test samplelaasd between the two spherical electrodes
connected to a sinusoidal high voltage source. vidiimge was manually increased to generate
high voltage and applied across the sample. A 5@ikizsoidal high voltage pulse was applied

across the sample and the peak breakdown voltageesarded.

Sample Electrode

o
—a

)
\J\High voltage source

Figure 5.01 Schematic of high voltage testing ef¢cbmposite dielectric
The breakdown voltage of dielectric was measuredaiyng identical sample of composite

dielectric and measuring its breakdown voltage. Miee prepared 20 samples and 18 samples
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were tested. The breakdown voltages of the sangokesecorded. Figure 5.02 show the plot of

number of samples breakdown at specific voltage.
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Breakdown Voltage (kV/cm)
Figure 5.02 Numbers of samples breaks at ratedg®lt

We could see from the Figure 5.02 that none ofséummple breaks below 35 kV and voltage
breakdown occurs above 35 kV. It was confirmed that breakdown is not due to surface
flashover and it is due to internal breakdown ie #ample by placing the disc between the
electrodes. The breakdown strength of compositeearéc is lower than the bulk breakdown
strength of the individual material. This can beplained by the stress concentration at the
interfaces between the barium titanate and thereaepubber in the composite dielectric. When
the high dielectric constant material such as Ipartitanate is added into the rubber, the
electrical field in the rubber around the bariutartate is much larger than that in the bulk. The
most stressed part is close to the barium titaoatamic tips or the edge. These stresses also
increase with increase in barium titanate aspeict. lBreakdown is more likely to be initiated at
these highly stressed regions than in the bulk madtso a reduction in the overall breakdown
strength is expected. The reduction in breakdowrength was attributed to the stress
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concentration at the interfaces between the ceranit the neoprene rubber. So, it was
concluded that the composite mixture could widé#ndtthe voltage up to 35 kV.

5.12 Measurement of relative permittivity of the conposite dielectric

The schematic diagram for the measurement of velgkermittivity is shown in Figure 5.03. The
relative permittivity of the composite dielectricaterial made up of barium titanate and
neoprene rubber was measured by cutting a diskesbiafhe composite dielectric material and
measuring its capacitance. The composite dielentaterial disk was placed between the two
circular electrodes of 90 mm diameter and its cagace was measured with LCR meter. The
accuracy in measurement of capacitance is 0.2 #einange of 100 pF to 1 mF, and up to 2.5 %

in the range of 1 pF to < 100 pF and > 1mF to 160respectively.

Circular electrodes \

Composite dielectric material L.C.R Meter

Figure 5.03 Schematic diagram of relative permititimeasurement

The diameter and the thickness of the compositeatrec material disc are 90 mm and 10 mm

(Figure 5.04).

Figure 5.04 Disk of composite dielectric
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The relative permittivityq; ) of the composite dielecti material is giverby
& =— (5.01)

Where

C is the capacitance measu

Alis the area of the circular electr

d is the thickness of the disk

The capacitance waseasured to be 47fF. The relative permittivity of thcomposite dielectric
wascalculated and found to be ¢

5.2 Testing of mrium titanate — rubber pulse forming line

The schematic diagram faesting o composite dielectric of bariurtitanate- rubber PFL is
shown in Figure 5.Q5The testin setup consists of a high voltage puisasforme [100], which
pulse charges theomposite dielectriPFL. The self breakdown spadp switch after the PF
breaks at set voltage anldet PFL wis then discharged into a< resistive loa. The distance
between the electrodesd th pressured inside the sparkgap switch lsaradjusted, so that it
breaks at set voltagdhe gap and presre inside the spagap switch ws kept such that it

breaks at 120 kV.

| sl
LI OAITE EIELFCTRED
nner cylinder qj —1'-_,
1 Spargap swilch
Pulse P
Transformer e
I Owuter culinder

Figure 5.05 Experimental set up
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5.21 Experimental results

The voltage across the composite dielectric PFL maasured with voltage divider (VD-100)

and the voltage across the load was measured withge divider (PVM-5). The accuracy of

VD-100 and PVM 5 above 1 MHz signal frequency isA% and < 2% respectively. The

specifications of these standard voltage divide®s mentioned in Appendix-2. The pulse
transformer charge the composite dielectric PFIL20 kV peak in 200 ns, the sparkgap switch
after the PFL breaks and the PFL discharge intcbtferesistive load. A high voltage pulse of

70 kV, 21 ns pulse was measured across the loadcdimposite dielectric PFL charging voltage

and the voltage across the load measured is showigure 5.06.
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|
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: d _;C,_—J'1 20 kV

T T T T T T T T
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Figure 5.06 PFL charging voltage and load voltage

112



The voltage pulse duratioit)(generated across the load is given by
T =2 (5.02)
& is the relative permittivity of the medium

uris the relative permeability of the medium

C, is the speed of the light

| is the length of the PFL

To generate a pulse width of 21 ns only with neopreubber § = 6, 4= 1), 1320 mm of

length of PFL is required and to generate a puiséwvof 21 ns with this composite mixturé, (

=85, 4r,= 1), 350 mm of length of PFL was used.

The compactness in length of the PFL was achieyethiking of barium titanate in neoprene
rubber, which reduces the length of the PFL byctofaof 3.8. The pulse duration can further be
increased by increasing the length of the PFL.

5.3 Investigation of non linear effect of electridield on composite dielectric

The ceramic materials behave non-linearly witheddht applied electric field [101 - 102]. It is
also well known that the dielectric constant ofilvar titanate is non linear and it falls with
applied electric field stress. Barium titanate o@abelong to an important class of ferroelectric
dielectric which exhibit very large dielectric ctast due to the spontaneous alignment or
polarization of electric dipoles [103]. Barium tte has spontaneous electrical polarization
associated with an ionic displacement. Inthe arititanate dipole originates from the
displacement of the Ti ion within the oxygen cagey(re 5.07). These dipoles are formed in
ferroelectric materials which have a non-centro syatric polar lattice at temperatures below

critical temperature. In barium titanate, an offire displacement of a titanium ion within an
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octahedral cage of oxygen ions leads to such a (atfce. The electric dipoles which result

from this displacement can be ordered parallebthether, within the crystal regions known as
domains. When an electric field is applied to thaterial these domains can switch from one
direction of spontaneous alignment to another givise to very large changes in polarisation
and dielectric constant. At very high electric dielall of the domains are aligned in parallel and
consequently no further polarisability is possiatel the dielectric constant falls. This results in

the non-linear behaviour of the dielectric constaith applied electric field.

Pdown

Figure 5.07 Crystal structure of Barium Titanate
We have experimentally investigated the effect iffecent applied electric field on the pulse
width and measured it across the load. The breakdmitage of sparkgap was varied and the
composite dielectric PFL was charged at differesitage and discharged in to resistive load.
The duration of pulse width across the load depemdslative permittivity £) of the dielectric
being used in PFL and the length of the PFL (5.0)e pulse width was measured

experimentally with different applied electric fieghnd is shown in Table 5.01.
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Applied Electric field (kvV/ cm) | Measured pulse duration (ns)
4 201
8 21+1
12 201
16 21+1
20 211

Table 5.01 Measured pulse width at different aplpéikectric field
The length of the PFL was fixed and we found noateam in the value of relative permittivity of
the composite mixture up to the electric field st of 20 kV/cm. The pulse width measured at
different applied electric fields is shown in Figus.08. We see that the non-linear phenomenon

of composite ceramic material does not effectspiise duration under the high voltage stress
being reported here.

25 ~

20

15

10 +

Pulse Width (ns)

=

. - - . ; - .
0 5 10 15 20 25
Applied Electric Field (kV/cm)

Figure 5.08 Experimentally pulse width measurediféérent applied electric field
The relative permittivity of the composite mixtur@mains unchanged under high voltage since

the field in the barium titanate ceramic was lotteamn the threshold field for non-linearity.
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5.4 Salient feature of solid composite dielectricytse forming line development

Replacing the conventional liquid dielectrics witte solid dielectrics with high energy storage
density is a promising way to realize an all-sdidte pulsed power system with high stability
and compactness. Solid dielectric is generally ickened to be non-recoverable in the event of
dielectric breakdown but there are single shotguilsower applications where it is useful. This
can increase system capacitance with the posgibilibperating at increased energy levels or
reduced system volumes. A pulse forming line wadenasing a composite mixture of barium
titanate and neoprene rubber which is compacizi; &s it has high relative permittivity, but due
to porosity, high field stresses are developedit $ms not been used at higher voltages. The
voltage breakdown strength of composite mixture Ibesn tested up to 35 kV/cm. This PFL
does not require maintenance compared to oil, witeras it is of all solid material. The pulse
duration can be increased by increasing the leofjthe PFL. The compactness in the PFL was
achieved by mixing of barium titanate in neopreuleber which reduces the length of the PFL
by a factor of 3.8. The PFL was charged and diggthfor few shots (~ 10) and no significant
effect on its performance degradation was seenwds also found that the non linear
phenomenon of composite ceramic material doesffexttahe pulse duration up to the electrical
field strength of 20 kV/cm.

5.5 Testing of water helical pulse forming line

A compact pulsed power system was made using helitse forming line and its performance
was evaluated. The block diagram of the experinhertangement for testing of water helical
pulse forming line is shown in Figure 5.09. Thesdbems of these experimental arrangements

are discussed in chapter 3.
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Figure 5.09 Block diagram of experimental setup

Pulse
Transformer

Helical
Pulse

Forming
Line

Self-breakdoswitch

Load

The experimental set for testing of helical PFish®wn in Figure 5.10. The capacitor bank was

charged with a high voltage power supply to thedatoltage, it discharges into the primary of
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the pulse transformer through a triggered sparkgagich. The secondary of the pulse
transformer charges the helical pulse forming lifkee self breakdown switch after the helical
PFL breaks at the set voltage and it dischargestirg matched 22 resistive load. The distance
between the electrodes of the sparkgap switch Wasrh and it was pressurized to 4.5 kgfcm
Deionised water was circulated from deionising aithe rate of 2 litres per minute inside the
helical PFL. The helical PFL charging voltage & thput end is measured with voltage divider
(VD 100) and the voltage after the switch acroges2&2 load is measured using voltage divider
(PVM 5). The accuracy of VD-100 and PVM 5 above Basignal frequency is < 4% and < 2%
respectively. The specifications of these voltagéldrs are mentioned in Appendix-2.

5.51 Experimental results

The performance of the compact pulsed power sysigng water helical PFL was tested and
evaluated with matched 22resistive load (Figure 5.10). The primary enertgyagye capacitor
bank was charged to 20 kV and discharged into tiragoy of pulse transformer through a
triggered sparkgap switch. The high voltage geedradcross the secondary of the pulse
transformer charges the water helical pulse fornimgto 200 kV peak. The pressure inside the
self breakdown switch was kept at 4.5 kgfcand it breaks at 200 kV. The helical PFL was
discharged into the matched resistive load of2through a self breakdown spark-gap switch.
The high voltage pulse was measured across theah®IFL and the load using standard voltage
dividers VD-100 and PVM 5 (Figure 5.11). The contgause power system produces 100 kV,
260 ns pulse across the matched load (Figure5SI)we generate 260 ns pulse with 800 mm
length of the helical PFL, as compared to coaxil ®hich generates 50 ns pulse with 800 mm

length of the PFL.
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Figure 5.12 Pulse width generated across the nhadch
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5.6 Modelling of the compact pulsed power system ing helical PFL
The modelling of compact pulsed power system wasedwith student version of PSpice

simulation software (Figure 5.13).

W ; (v PFL SW2 }y ﬁ.i'
R s L Puse Xmer /' ~— — Rerad
ri”” — & i b e \ 1 : ' v ',I
{Close=0 ~  50nH — ;
.. 5 '.;, '_| 7=90 L— tClose=3 Jus 29 ;, R1
L1 > 200K L4 < > L8 C=59nF 9

- % - B

e

C1 =120 ‘ ‘ )
. l—- 4

Figure 5.13 Modelling of compact pulsed power syste

The pulse transformer was modelled as an equivalerdore pulse transformer (Pulse_Xmer)
with primary and secondary inductances of 200 n#) @nd 110 pH (L5) respectively and the
coupling coefficient of 0.73. Water helical pulserrhing line (PFL) was modeled as ideal

transmission line with characteristic impedanc@2f) and one-way transit time of 130 ns. For
simulating practical condition inductance of 25 (i) is included on load side and 200 nH (L1)
inductance in the primary circuit of capacitor bardapacitor bank to pulse transformer
connecting cable and switch inductance of 50 nH) (Li2 added in the primary circuit. The

capacitor bank (C1) was charged to 20 kV and tiggedred sparkgap switch (SW1) closes at
t=0, the secondary of the pulse transformer chatigedPFL to 200 kV in 3.3us and then self

breakdown switch (SW2) closes and the PFL disclsarge a matched Z2resistive load (R1).
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Figure 5.14 PFL voltage and voltage and currerdsscioad

The simulation result when the capacitor bank (@43 charged with 20 kV is shown for helical
pulse forming voltage, load current and voltage@ssthe load (Figure 5.14).

5.7 Electrostatic modelling of the helical pulse foning line

The electrostatic modelling of the helical pulsenfmg line was done using Ansoft Maxwell
2DSV simulation software to simulate the electield and potential distribution inside the
helical PFL and also at its edge. A cross-sectidh@helical PFL having rotational symmetry in
cylindrical geometry was modeled to simulate theceic field and the potential distribution

inside the PFL (Figure 5.15).
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Figure 5.15 Electrostatic modelling of helical PFL
The feed through end of the helical PFL was alsaetied to examine the magnitude of the

electric field and potential at the triple poinEgure 5.16).

Figure 5.16 Electrostatic modelling at input end
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5.71Electric field simulation inside helical PFL

The electric field inside the helical PFL was siatal when the inner conductor was charged to
200 kV and the outer cylinder was grounded. Fidgufde’ shows the electric field distribution
inside the PFL and Figure 5.18 shows the eledeild tlistribution at the input edge of the PFL.
The electric field stress was maximum on the serfaicthe inner conductor and it should not be
more than the breakdown strength of the medium. magimum electrical field was 61kV/cm

on inner conductor, when the PFL was charged @D@kV, which is less than the breakdown

strength of the water.
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Figure 5.17 Electric field inside helical PFL

123




E[V/m]

.2500e+007
.1250e+007
.0000e+007
.7500e+006
.5000e+0086
.2501e+006
.0001e+0086
.7501e+006
.5001e+0086
.2501e+006
.1148e+002

BB LU Oy

Figure 5.18 Electric field at the input end

5.72 Potential distribution simulation inside helial PFL
The potential distribution inside the helical PFlasvalso simulated. Figure 5.19 shows the
potential distribution inside the PFL when the innenductor is charged to 200 kV and Figure

5.20 shows the potential distribution at the edgie PFL.
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Figure 5.19 Potential inside the helical PFL
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Figure 5.20 Potential inside the input end
5.8 Study on the effect of reduction in water temg@ature on the pulse width
The relative permittivity of water depends on tenapere of water. The effect of reduction in
temperature of deionised water on the pulse widthegated across the load was investigated.

The block diagram of experimental set up with euilivater circulation is shown in Figure 5.21.

Water .| Deioniser
Chilling Unit g Unit
Triggered switch T \ Self-breakdoswritch
A
) . Helical
High Voltage ) Capacitor Pulse Pul
Power Suppl bank Transformer uise Load
PPl ansforme Forming
Line

Figure 5.21 Block diagram of experimental setup
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The capacitor bank was charged to 20 kV using hatage power supply, and then discharged
into the primary of the pulse transformer throughiggered sparkgap switch. The secondary of
the pulse transformer charges the PFL. The deidnigger was circulated through a 1.5 TR
water chilling unit. The deionised water temperatumas reduced from 2% to 5°C and the

pulse width was experimentally measured acrossmhb&ched load at different temperature

(Table 5.02).
Water Temperature ifC Pulse width measured (FWHM) in ns
25 2601
20 265+ 1
15 2701
10 2751
5 2801

Table 5.02 Experimentally pulse width measuremetit different water temperature

The increase in pulse width was due to increadbkarmelative permittivity of the water with the
reduction in temperature of water. The relativenp#ivity of the water increases with the
reduction in the temperature of the water [71]. Tiedative permittivity of water was
experimentally measured at different temperaturigufeé 5.22). The dependence of relative
permittivity of water on the temperature is given(4.02)

& = 78.54 (1 - 4.579 x 10T,) + 1.17 x 10 T,*— 2.8 x 10T>
Where T, = To- 25, To is Temperature ir’C)
The increase in relative permittivity with decremgitemperature is due to decrease in thermal

agitation of molecular dipole of water.
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Figure 5.22 Experimentally relative permittivity asared at different temperature

We could see from Table 5.02 the increase in th&epuidth generated across the load increases
up to 6 % with the reduction in the temperaturéhef water from 2% to 5C. So the length of
the PFL can further be reduced with the cold watewlation and the size of the PFL can be
reduced.
5.9 Salient feature of helical pulse forming line eévelopment
An intermediate energy storage system for pulsepcession using helical inner conductor was
designed and investigated. A helical pulse fornling generates longer duration rectangular
pulse as compared to coaxial pulse forming linee lélical conductor reduces the overall length
of the PFL by packaging the length in compact gegomd&he compactness was achieved in

terms of reduction in its length by a factor of Siies as compared to conventional water

coaxial PFL of same length. Further the effecteafuction in deionised water temperature inside
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the pulse forming line on the pulse width was itigaded. It was found that the pulse width
generated across the load increases by 6%, sorhegieegy can be stored and more compact
systems can be developed using chilled water aitioul inside the PFL.

5.10 Conclusion

Compact pulse forming lines can be developed usigly dielectric constant material, composite
dielectric was made using high dielectric constaramic and evaluated for pulse compression
of single shot pulsed power applications. The retapermittivity of water increases with
reduction in the temperature, so this property aia® investigated and used for developing
compact systems as water is widely used for pudsepcession in pulsed power system. A new
technique for pulse conditioning was investigatew] adeveloped by using helical inner
conductor inside the PFL and water as dielectricgieneration of longer duration rectangular

pulse in compact geometry.

128



CHAPTER 6
FAST REPETATIVE DOUBLE PULSE SYSTEM USING COMPACT PULSE
FORMING LINE
6.1 Fast repetitive pulsed power system
Repetitive pulsed power generation by compact €suhas enormous potential for military
and industrial applications [37].aser induced breakdown spectroscopy is an analytic
technique used for the analysis of solid, liquid gaseous targets. It has lower sensitivity in
comparison with other spectroscopic methods [1@4¢ivercome this limitation double pulse
is used for the better coupling of laser energthttargets and ablated material [105]. The
numerical model for laser—solid interaction, vapplume expansion, plasma formation and
laser—plasma interaction is described for plumeaggns times (~ 100 ns) and inter pulse
delay of (~ few 10's of nanosecond) and found tleeter ablation in double pulse
configuration is more efficient [6Relativistic electron beam using double pulse Hasen
generated in vacuum diode [106]. The electron bgamnerated by fast double pulse can be
used to pump gases lasers [107]. A fast doubleepuith extremely short interval can also be
used to study the double pulse effect in nanosedasdr ablation for laser induced
breakdown spectroscopy.
6.2 Development of fast repetitive double pulse system (FRDPS)
The repetition rate of the pulsed power systemetemiined by various factors such as the
capacitance or inductance of electrical circuitwpo supply, load characteristic and switch
etc [108]. Transmission line characteristics of pudse forming line (PFL) was investigated
to develop a fast repetitive double pulse systeRDIFS) with extremely short inter pulse
repetition interval. The FRDPS was developed ttzat generate two flat top rectangular
pulses of desired pulse width (~ 100’s of nano-sdsp and the desired interval between the

pulses (few 10’s of nano-seconds). The block diegof the FRDPS is shown in Figure
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6.01. The primary energy storage capacitor bank ehasged at rated voltage and then it
discharges into the primary of the pulse transfertheough a triggered spark gap switch.
The high voltage generated across the secondattyegbulse transformer charges the PFL,
the self breakdown switch after the PFL closedatsket voltage and the PFL discharges into

the load.

Capacitor
Bank
Sits

Power
Supply

Pulse Pulse Resistive

. Transformer | | forming line '

Figure 6.01 Block diagram of compact FRDPS
6.21 Capacitor bank and its power supply
The capacitor bank consists of eight number of |0FL6 50 kV capacitor connected in
parallel. The capacitor bank was charged with wietdgd 25 kV multiplier based power
supply. The capacitor bank was discharged intoptitaary of pulse transformer through a
triggered sparkgap switch. The details of the capadank and its power supply are
discussed in section 3.1 and 3.2.
6.22 Pulse Transformer
The air core pulse transformer was single turn aryimmade up of copper sheet and 28 turn
secondary made of RG 213 cable with braid stripgée primary inductance was 200 nH
and the secondary inductance was 110 puH. The cumeffi of coupling was 0.73. The
secondary of the pulse transformer was connectdetinput side of the inner conductor of
the PFL to pulse charge it. The details of pulaagformer are discussed in section 3.3.
6.23 Pulseforming line
The helical pulse forming line was used as inteiiatecenergy storage system. Water helical

PFL was developed for the generation of longer tiraectangular pulse in smaller length
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and discussed in section 4.5. The helical PFL imoaductor was made up of SS-304 strip
rolled on the delrin cylinder. The outer conductams made up of SS-304 cylinder. The
length of the PFL was 800 mm. The volume betweenirther strip and outer cylinder was

filled with deionised water. The deionised wateswaculated through a pump and deionizer
unit. The conductivity of the deionised water waptkvery low (< 1 uS/cm) with a deionizer

unit. 13 turns of SS strip are wounded on 168 mameiter of delrin cylinder. The two turns

at the input side of the PFL are covered with 3 afrathylene propylene rubber tape £ 3)

on the SS strip (Figure 6.02). The input end of ke#ical PFL was connected to the

secondary of pulse transformer to pulse chargdhe other end of the helical PFL was

connected to the 22 matched resistive load through a self breakdovamkgap switch.

Ethylene P

Figure 6.02 Input end of helical pulse forming line
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6.24 Sparkgap switch

The self breakdown sparkgap switch was connected tife PFL to sharpen the pulse. The
pressure inside the sparkgap switch was kept akg/&hf and it breaks at 200 kV. The

schematic of sparkgap switch arrangement with gledl PFL is shown in Figure 6.03. The

detail of the sparkgap switch was discussed in@eat5.

Water Qutlet Sparkgap
H 'V Feedthrough T owitch

Water Inlet

Figure 6.03 Schematic of sparkgap switch afterchePFL

6.3 Testing of the fast repetitive double pulse system

The testing of FRDPS was done by pulse chargingPfieto 200 kV and discharging it into
the matched 22 load (Figure 6.04). The primary energy storageacdpr bank was charged
to 20 kV. The sparkgap switch was triggered totthsge the capacitor bank in to the primary
of the pulse transformer. The high voltage gendrateross the secondary of the pulse
transformer charges the helical PFL to 200 kV, Whiten discharges through a self break
down sparkgap switch to a 22load (Figure 6.04). The voltage across the PFl.the load
was measured using dividers VD-100 and PVM -5. &beuracy of VD-100 and PVM 5

above 1 MHz signal frequency is < 4% and < 2% retbpaly.
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Figure 6.04 Experimental set up

6.31 Experimental results

The secondary of the pulse transformer chargeteheal PFL to 200 kV in 3.5 us (Figure
6.05). The pressurized sparkgap switch breaks mseé<at 200 kV. It discharges the helical
PFL to the matched load, while discharging it gates two fast pulses of 100 kV, 100 ns
with 30 ns inter pulse interval across the loadyFfé 6.06). 0.5 GW of peak power is
delivered to load in each pulse. The double putseetation from the system is explained in

section 6.5.
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Figure 6.06 Voltage measured across load
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6.4 Electrostatic modelling of the system

When more than one dielectric material is presanany region of an electric field, the

boundary conditions satisfied by the electric figltknsity E at dielectric boundary are [57],

E.=E, (6.01)
Eu =By (6.02)
g oA (6.03)
tana, ¢,

Where,
Eu, Eu arethe tangential ané,, E,, are the normal components of the electric fieldhia
dielectric 1 and 2.

a, anda,are the angle of incidence and the angle of refmaatith the normal and, and
¢, are the permittivity of the two dielectrics at theundary.

Normally, all dielectrics are good insulators avér magnitudes of field intensities. But as
the electric field increases, the electrons boumdthte molecules of dielectric will be
subjected to higher forces, and some of them aedffrom their molecular bonding. The
electrons move in opposite direction to the eledigld and thus create conduction current.
This dissociation is temporary in gases in whidombination occurs when field is removed
whereas it is a partial or permanent feature imidig and solids results in dielectric
breakdown. The magnitude of electric field thategiwise to the dielectric breakdown and
destroys the property of insulation in dielectriaterials is called the breakdown strength.
The electrostatic modelling at the input side ofida¢ pulse forming line is done using
Ansoft Maxwell 2D-SV simulation software (Figure08). The electric field and potential
inside the ethylene propylene rubber and watehatiput side of the PFL is simulated,

when the inner conductor is charged to 200 kV.
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Figure 6.07 Electrostatic modelling of input sideéhelical PFL
6.41 Electric field smulated inside the PFL
The electric field was simulated inside the inpigtesof the helical PFL when the inner
conductor was charged to 200 kV, the maximum etetield appears across the ethylene
propylene rubberef ~ 3) and electric field inside the watet ¢ 80) capacitor above the

ethylene propylene rubber was much less as sintLiéatd shown in Figure 6.08.

E[WV./m]

000 0=+007
-S5S000=+007
000 0=+007
-S5S000=+007
000 0=+007
-S5S000=+007
000 0=+007
-S5S000=+007
000 0=+007
D00 0=+006
000 0=+000

5
4
4
3
3
=z
=z
1
1
5
O

Figure 6.08 Electric field inside input side ofibal PFL
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6.42 Potential distribution simulated insidethe PFL

The potential distribution inside the input sidehefical PFL was simulated when the inner
conductor was charged to 200 kV, the maximum paterppears across the ethylene
propylene rubber and above that the water capaegit® charged to lesser extent (Figure
6.09). We see from the simulation of the poterdiatribution, the water capacitor was fully

charged where there is no ethylene propylene rutdbasred on the strip.
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Figure 6.09 Potential inside input side of helie&lL

6.5 Results and Discussion

When the high voltage was applied to the inner ootat of the helical PFL and pulsed
charged to 200 kV, the water capacitor was fulljarged where there was no ethylene
propylene rubber on the SS strip inner conductarth& input side of the PFL maximum
potential appears across the ethylene propyleneeruland the water capacitor was charged
to lesser extent due to its higher relative pemfiyt compared to that of ethylene propylene
rubber. The self breakdown sparkgap switch clos@0@kV and the PFL discharges into the

load. While discharging the forward voltage wavavéls towards the source and voltage
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appears across the load (Figure 6.10). The vokagess the load appears till it discharges
up to the initial 2 turns. Then there was lessag#t across the water capacitor above the
ethylene propylene rubber, so no voltage appeaossthe load. When the wave is reflected
from the input end due to the high impedance of@tlansformer it again appears across the
load after the end of the 2 turns. So, the twogautsf 100 ns pulse width and interval of 30

ns between the pulses appears across the loadd€fdii).
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Figure 6.10 Schematic of voltage wave across PFL
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Figure 6.11 Schematic of voltage across the load
It is observed that increase in the length of thieylene propylene rubber on the inner
conductor reduces the pulse width and increasemtéeval between the pulses. When there
was no ethylene propylene rubber on the inner ccioduhe helical PFL, it generates 100
kV, 260 ns pulse across the load when charged@d¥0 This was also discussed in section
5.9.
6.6 Conclusion
A fast repetitive double pulse system (FRDPS) weittremely short interval was designed
and developed using the transmission line chaiatiter of a pulse forming line. A novel
technique was developed to generate fast repetibuble pulse. The system generates high
voltage double pulse of 100 kV, 100ns with the nvaie of 30 ns between the two pulses,
when the initial 2 turns on the helical PFL was waed with ethylene propylene rubber tape.
The pulse width and the interval between the putsesbe varied by changing the length of
the ethylene propylene rubber insulation tape wednah the SS strip of the helical PFL. It
overcomes the limitation caused by circuit paransefgower supplies and switch to generate
fast repetitive pulse with extremely small repetitiinterval. The system can be used for

applications requiring fast repetitive pulse witgryw small inter pulse interval.
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CHAPTER -7
CONCLUSION AND FUTURE PERSPECTIVE
7.1 Conclusion
The fundamental study on the development of compact pulse forming line are done at component
level using composite dielectric material with ceramic, and at the system level using alternative
engineering topology for single and fast repetitive pulse generation. The following conclusions
were made:

1. The composite dielectric with ceramic has higher dielectric constant and it can increase
system capacitance with the possibility of operating at reduced system volumes for few shot
applications. Compact PFL was developed using composite material of barium titanate and
neoprene rubber and tested up to 120 kV. It was also found that the dielectric constant of
the composite mixture remains unchanged under high eectric field (< 20 kV/cm).

2. An dternative technique was investigated and developed using helical inner conductor
insde the PFL. The helical conductor increases the transit time, so longer duration pulse
can be generated in compact geometry. A 200 kV, 0.5 GW, 260 ns pulsed power system
was designed and devel oped using helical PFL and was tested on matched load.

3. It was found that higher energy can be stored and more compact systems can be developed
using chilled water circulation inside the PFL, it increases the pulse width by a factor of
6%, when the temperature of water was reduced from 25 °C to 5 °C. The pulse width can
also be changed in existing water PFLs by accordingly changing the temperature of water.

4. A novel technique was developed using the transmission line characteristic of PFL and by
using different dielectric constant material to store energy inside the PFL, to generate fast

repetitive double pulse with small repetition interval.
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In many cases novel propositions have been made for better understanding to solve the
difficulties encountered for devel oping compact pulsed power system.

7.2 Future per spective

Further research issues are open on studying and utilizing new materias, dielectrics, insulators,
metals and interface in the design of components of the compact pulsed power systems. Finally
some future work is being outlined:

- New materials with high dielectric constant, high breakdown strength should be devel oped and
investigated. The processing technique to reproduce sinter large quantities of ceramics has to be
investigated for high dielectric constant ceramic development.

- Dielectric constant of the medium also depends on temperature, pressure and stress on the
material. These properties of the materials can further be used and explored for compact system.

- Compact repetitive pulsed power systems will pose a significant challenge with respect to the
heat dissipation in the system. Micro channel heat sinks and high fluence convective cooling
aided thermal management will be used in developing the compact system. The advanced
component technologies and application specific integrated circuits to replace the discrete
circuits can be applied to pulsed power systems using a suite of integrated design tools and
micromachining techniques.

- Continuous attention is required to address issues such as locally breakdown, ground noise,
heat removal, when more components are integrated into a small space.

The new developments in materials, combined with electromagnetic and thermal design tools,

will set a pathway for revolutionary advancements in compact pulsed power technology.
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9. Appendix - 1
1.1 Self inductance of circular sheet of finite thokness

The self inductance of a circular sheet with firnthickness, and assuming that the current is

flowing along the circular ribbon of radius “a” aagdial length “t” as shown in Figure 1.

Figure 1. Circular sheet of finite thickness

andt<<a

L = apy(0.3862944 + 0.17308¢% — Inq — 0,253863¢2 In q) (1)
Where

q= t/za (2)

1.2 Self Inductance of circular section of finite adius
The self inductance of a single loop with a circueoss section of finite radius (Figure 2)

is

Figure 2 Circular cross section wire with finitelnas

Le = woR (ln 4ch) _3 )

27¢
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1.3 Mutual Inductance between two parallel and coaal loops

| b h;ﬂ__dSa
R —— II|
|
d f
N
-.-__.--" ] 3 T -, .
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-\._\_\_-- .. . -
d51

Figure 3 Schematic representations of two loops
The mutual inductance M between the two loops@ G shown in Figure 3 having radii of

a and b respectively can be written

_ & d51d52
M= 4m 'U r
Where d% and d$ are the differential vectors for each loop and the vector shown in

figure then M may be expresses in the form

_ _ > > 4ab a’?+b%+d? 4ab
M=y, { J@+b?+d E((a+b)2+d2) +mx((a+b)2+dz) (@)

Where d is the axial distance between the two l@msE and K are the elliptical integrals

defined as

E(k?) = fofx/l — k2sin260 do (5)
N (o de

KD = I3 isesms ©)

The above equations will be used to calculate ndeidtances and mutual inductance of the

transformer.
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1.4 Equation used in filamentary modelling of conial pulse transformer

The primary sheet and conical secondary windinghewn in Figure 4 and the pulse

transformer parameters are defined in Table 1.prhmeary sheet and secondary turns of the
transformer are divided into filaments in the dir@e of current path to calculate their self

inductances and mutual inductance.

Table 1: Parameters defined for pulse transformer

Thickness of primary sheet tp
Length of primary sheet Ip
Internal radius of primary rps
Secondary wire diameter ts
Lowest radius of secondary rsNI
Highest radius of secondary rsNO
Pitch of secondary P
Total numbers of secondary turns ns
® &
v @ | o ‘
@ o)
| O _ . O i
rp ;

Figure 4. Constants defined for calculation
The primary and secondary windings are divided th&ofilament as shown in Figure 5. The
primary winding is divided intep x mpparts Gp rows andmp columns) and each secondary
winding is treated as a separate single turn wnén simplicity.
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hp ]

Primary Secondary

Figure 5 Filaments used to calculate pulse transfoinductance
The primary is divided into the np x mp filamenk®®n in Figure 5, where np=100 anp
=1 for simplicity.
The total no of filaments in the primary is therefo
N p=np x mp
The secondary is divided into 28 parts (each tigias one filamentps = 28
Total numbers of secondary filament is
Ns=ns
The total no of filaments is
Nt=N p+N s
The following equations are used in matlab programgnfior the calculation of the self and
mutual inductances and the parameters are defn&dtle 1.
The taper ratiot( ratio) of the secondary is defined as
rsNO — rsNI

ns—a
where rsh and rsl are defined in the Figure 4 aatulel 1.

t ratio =

The radius of any secondary turn can be defined as

rsN(nsind): = rsNO tratio(nsind - 1)
The following expressions are defined for the fians positions in the primary and
secondary. If the filaments are described as cotuamd rows, then any filament position of

column in primary is defined as

i—1
wcheolp(i) := floor ( - >+ 1

p
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any filament position of column in secondary isided as

i—1
wchcols(i) = floor ( - >+ 1

S

any filament position of rows in primary is definasl
wchrwp(i) == mod(i — 1,np) + 1
any filament position of rows in secondary is deflras
wchrws(i) :=mod(i —1,ns) + 1
The distance between any two primary filamentsnéefias
distp(i,j) := wchrwp(i) - wchrwp(j) . hp
The distance between any two secondary filameetdeiined as
dists (i,j) :==wchrws(i) - wchrws(j) . p

The distance between any primary and any secoriitiaments is defined as.

h
wchrwp(i — 1). hp + 7}9 — (wchrws(j —1).p + 1.5 x 1073)

|

distps(i,j) := [

The radius of any primary filament is given by

tp.wchceolp(i)

rp(i) = rpr + 2.mp

The following variables are defined as requiredtly equation (1) to get the inductance of
the coil. Values of g as in equation (2)
For the primary

. hp
qp(@) 2.1p(i)
For the secondary
~._ P
qs(D) 2.rsN(Q)

Variables for the elliptical function defined asdquation (4)

For the primary only

kp(i, ) = 4.rp(0).rp(j)
PRLII= [op@ + mp ()2 + distp(i, )2

For the primary and secondary (combined to prothéemutual inductance between them)

kps(i, ) = \/ 4.rp(i).rsN(j)

(rp(i) + rsN(j))? + distps(i,j)?

157



For the secondary only

Ks(i 1) 4.rsN(i).rsN(j)
s(bj) = (rsN(i) + rsN(j))? + dists(i, j)>?

Inductance formed by the primary filaments as fexuation (1)
Lp(): = p,.rp(). (0.3862944 + 0.173084p (i)

—In(gqp(1)) — 0.253863qp(i)* In(qp(i)))
Inductance formed by the secondary filaments as #quation (1)

Lsjj(): = Wy rsN(0). (0.3862944 + 0.17308¢s (i)?

—In(gs(i)) — 0.253863¢s(i)?In( gs(i)))
Inductance of any secondary winding as from equd®)
47‘[‘/"SN(i)> 3

Ls(i): = p,rsN(i) (ln — _Z

4
Inductance of different filaments of primary aneéithinteraction as from equation (4)

Mp(i, j)

lZ. uo.kpi,j‘l\]rp(i).rp(j) [(1 - %kp(i,j)2> LegendreKc(kp(i,j)) — LegendreEc(kp(i,j))]‘ ifi #j

Lp(D)
Inductance of different filaments of secondary #relr interaction as from equation (4)
Ms(i, j)

[2. Ho- ks(i,j)‘l\]rsN(i).rsN(i) [(1 — %ks(i,j)z) LegendreKc(ks(i,))) — LegendreEc(ks(i,j))]‘ ifi #j

Ls(i)

Mutual inductance between primary and secondaayniénts
1
Mps(i,j) = 2.4, kps(i, j) "\ rp@@).rsN(j) [(1 - Ekps(i,j)z)LegendreKc(kps(i,j))

- LegendreEc(kpS(i,f))]

The above parameters are used in solving equaf®h§, 3.17 and 3.18) for calculation of

primary inductance, secondary inductance and mutdaktance between the winding.
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10. Appendix — 2

Specification of standard voltage divider

Model Number PVM-5 VD-100
Max DC/Pulsed Voltage (kV) 60/ 100 100/ 200
Max Frequency (MHz) 90 20
Cable Impedance (ohms) 50 50
DC — 2 Hz Accuracy <0.1% <0.1%
2 Hz — 200 Hz Accuracy <1.5% 1%
200 Hz — 1 MHz <2.5% 1%

> 1 MHz Accuracy <4% 2%
Input R/C (Megohm/pf) 600/8 1400/ 20
Cable length (ft/m) 30/9 30/9
Standard Divider ratio 1000 : 1 10000 : 1
Length (inches/cm) 19/45 23/59
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