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A current step generator based aohargedcoaxial cable is designed and tested for charadteyi
impulse current shunt3his thesishasdevelogd a traceable calibration infrastructure for fast sht
and other currentsensorsdefined measurement techniques for a current stepirupdovedthe test
proedure and measurement capabilities. For calibration of shunts, current coil seassed in the
measurement circuits.

Sinceno calibration services are currently available for impulse current measuring Systerascircuit
combination is proposed for current step generation with atinee of less than His, along with &g
proposed reference shunt that aimsptovide the best and most stable measurement results
negligible noise, oscillations, and droopthe measured current step.

Based on techniques found in the literatereyent steps amgeneratedand different sensorgereused
to measure the generated steep front current steps. The generation system consistsndbad, 150
Y coaxi ada spark bab/ariouws spark gap switches, including the Spark gap, are used f
generating current stepélith the coaxial cable charged from one end, a current step is generate
reflecting back from the open end with a step length of twicedbée transmission delayhe cable is
than discharged to the shunt (or coil) through the spark gap.

The measurement system consists of shunts@hdwrentsensorsb:1 and 6.6:1 attenuatoosised or
the requirement of theensors.The recording instumentis a 1-GHz, 8bit, 1-GS/s digitizer.The
proposed step generator can produagent steps witl stable currendf up to 100 A. The riseéme of
the step varigfrom 1.6 ns to 15 ns, depending on the spark gap used for switching. The produceg
is constant within 0.5% for step length 0960ns generated with a coaxial catlEOm in length

To improvethe test procedure and measurement capabhilihesthesis also analyzéakctors affedng
current step measuremenstich as the type afoaxial cable, type of connection, extra shield
clearances, interference sourgasdia of the spark gapndthe spark gap electrode distaifae length.
It is found that theneasurement systeamd the rise time ofurrent step is affected by mamcfors,
including the coaxiality of the connection, impedance mismatch, interference, clearance
capacitances, argtrayinductancesThese results will enable future standardization of impulse cu
Sensors.

Keywords: Current step, Measuremerthniques, Calibration services, Rigee, noise,
droop, steep front, impedance mismatch, sparkngegium Sk
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List ofSymbols and\bbreviations

0.1 Symbols

lad  Load current

\ Voltage

Rshunt  Resistance of shunt

R Resistance

Ls Parasitic inductance
Rs Series resistance

M Mutual inductance
B Magnetic flux

lc Current flowing through an area enclosed by curve C
€0 Permeability of free space

r Radius

v Induced voltage

N Number of turns

A Area

k Integrating constant of integrator

T Total duration of current step

Ta Peak current duration of current step

BW  Bandwidth

Ta Risetime

Z Impedance

Uo Applied voltage of DC generator

R1  Chargingesistance

Za Impedance of connected load

I Length of coaxial cable

L Inductance

W Risetime of current step generated with step generator
Lo Characteristic inductance of coaxial cable

G Characteristic Capacitance of coaxial cable

t transmissiordelay of coaxial cable

T1 Coaxial transmission line

P1 Rogowski coil from Pearson electronics with nominal sensitivity of 0.1 V/A
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P2
S1
S2
S3
SH
S

Rogowski coil from Pearson electronics with nominal sensitivity of 1 V/A
Shunt from T&M Research Products with nommesistance of 0.%

Shunt from T&M Research Products with nominal resistance of 0.1
Shunt from T&M Research Products with nominal resistance of\0.01
Shunt from HILGEST with nominal resistance of 005

Switch

0.2 Abbreviations

EMPIREuropean Metrology Programme for innovation and Research
HVDC High voltage Direct current

AC

DC

HV

NMI

Alternating current

Direct current
High voltage
National Metrology Institute



Chapter 1

Introduction

In basic studies of electricity, it igell knownthat current is the number of electrongaputit more simply the
amount of charglowing perunit time through a circuityhile voltage is the force which me&this chargeflow
possible Having determined theurrent flowing through the circuit arit$ voltage,we cancalculatehow much

work canpotentially be done by that circuit. The amount of work or performance expected from electrical
equipment has certain necessary ratings to follgvart fromthe voltag, it is the current that caslsodamage

the equipmenif it exceeds the defined ratifiy] . Current monitoring is importamd determine not onljlow much
current is flowingput whetheit is excessive or afault condition. The later information is of more importance
especially when theurrent exceeds the safe linsince this would requirasignal to switch off the power supply.
Most of these fault conditions can result from surge current. In ordettigataeithis, impulse currents are used
for testing various kinslof electricalequipment

High-impulse current is required not only for testing equipnieigtfuses and surge arrestetsut also fovarious
technical applicationgncludinglasers, thermmnuclear fusion, and plasma devicdggh-impulse currents occur

in lightning discharge electrical argsost arc phenomenon studies with circuit breakeidetattrical discharge
studies in plasma physi€2]. In power systems, it is very necessary to measure high cuwieiets occurdue to
reasonssuch as short circuitesultingfrom high current flow having very small rise time. Similarlyarious
components of electrical circuitsuch ascables, condttors, and circuit breakersquire measurement of high
current for conducting testsuch asheat run and temperature rise tg8{s Large magnitudes of impulse and
switching surge currentsccurringduring lightning discharges and switching transieetglire special measuring
techniques aa high potential leve[4]. However, he sensors and transducers used for measuring these currents
needcharacterizationstandardizationand calibration before they can be used for measurement. One promising
approach for solving this issue wouldtayenerat current stepthat hae a steep rise time followed bystable
current regionThese current stgan then be used for calibration of sensors measuring the impulsescurrent

1.1 ResearchProblem

In technical and scientific fieldsther thanpower systemsit is necessary to determine the waveform and
amplitude of a rapidly varying high current. The range of current amplitudevargyrom severalamperes to
hundreds of kilo amperes. The rizme of these currentre in the rangef microsecond$o afew nanoseconds,
and the current rise rate for such currents can be as hightasl0**A/s. For such cases, the sensors or measuring
devices should be capable of measuring the signal over a wide frequency range.

Currently, the areas @ést procedureand measurement capabilitis such currents having high rising rate
andtherise timelack traceable calibration services at the National Metrology Institute (NMI) level in Europe.
The current measuringnethods commonly used include resistive shunts, magnetic potentiometers or probes,
Faraday and Hall Effect deviceBhe accuracy of measurement for such methods vary from 1% td4]0%
therebyanextended resednds required to improvéhe accuracy of these measurement methods and dependent
factors leading to such calibration resukew methods have been described in the pashégeneration of
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current step, including Blumlein generaf6f and simple coaxial cable based genergfpr The coaxial cable
generator descrilodn [7] has been used for testitige dynamic behavior of impulse resistive shunts.

A variety of standardsave been presentéar impulse current shapes, measuring technigess,to be carried
out with measuring systemendthetesting ofvariousprotection componentacluding surge protection devices,
andlightning rods or connectorBor examplestandardEC 600764[8] explains lightning impulse and switching
impulse, IEC 6006@[9] applies to high voltage test techniques and measuring systems, and IECLEN312
presentshe general principle of protection agaitightning electromagnetic impulse. Howeveig specific
standard$iave yet beeproposedor current stepsandvery little information is available about characterization
of the measuring systerfig, thoughmany ofthestandardestshave beewarried ouusinghigh-current impulses
associated with lightning impulse events. In September 2010, a new sti@#&24 75:2010wasintroduced as

a horizontal standard covering a higlrrent test and measuanent techniquewhich setsthe requirements for
impulse current measurement systéfri. The measurement circaifior such impulse currents and current steps
areaffectedby various factors, includingoise induction in digitizers and the vertical amplifiers of oscilloscopes,
quaststatic electric and magnetic field penetration in signalecHldl], clearances to nearby groundadive
objects, stray inductances and capacitances, intercomponent distances, and grounding. Ttherefopmssible

to ensureheadequate execution of such fast rise time tests and reproducible fi@sthiésemeasuremen{d 3].

1.2 Aim of Research

The aim of this work is to develop a reference calibration circuitm@asurement afurrent steps that has rise

times below Ss, current levels up 80 A, and an expanded uncertainty of less than 0Afer successfully
achieving the current step having an amplitude oA5bie target will be raised to 1@Q The rise times for these

current steps will be made as low ass2o ensure steeper step, naimng an expanded uncertainty close to 1%.

The thesis will also develop a traceable infrastructure and measurement techniques for very fast current impulses.
In addition, the thesiwill suggestmprovements to the present test procedures and measuapahiitiesvith
anemphasis otthecalibration ofresistive shunts usddr current stepneasurement

1.3 Methodology

In order to achieve this aim,fastcurrentstep generator will be developed for generating current stapser

to extend thealibration range for surge current measginstruments. Resistive shunts and Rogowski coills wi

be used as measng sensorsStep current measurements and step calibration will be performed for impulse
shuntsusing fast currersensing Rogowski calasatransfer referencén addition,the calibrationmethodology

will be developed for the new system.

This calibration methodologwill be developed by reviewinfpr the current step generati@long with research
survey todetermineareliablemethod ané combination of circuit components which will help in developimg
current step generator. This generator will be used for generating required currefReepsciwill be doneon
various current sensor availalimeHigh Voltagel aboratoryat VTT Mikes,and factorwill be studiedwhich can
affect the shape and generation of the current Bigmary practical experiments will be performed to generate
current stepsandto collect measurement result$he nitial practical measurement retsulobtained will be
analyzedto improve the shape olfie current stp for proposng the best calibration circuihe results ofthe
research survey will be used to perform extensive and final practical experiments to ppesdshte current



stepswith required parameterst the end, the current sensors used will be calibrated using recorded data for
current steps.

1.4 Scope

The thesis will focus on generating and measuring current steps fod@QA peak current having rise time

below 5ns. Resistive shunts and othawailablecurrentsensors will be calibratito develop a traceable infra

structure for very fast shunts and other current sensbeswork reported here has received support from the
EMPIR programme céinanced by the Participating States and fromEer opean Uni onds Ho
research and innovation programnf@ublic documentation and further details of this project are avaidld].

1.5 Organization of thesis

Therest of thethesis is organized as followShapter2 reviews the literature covering the methods previously
used for current step generation d@netheory of circuit componentsurrent sensorfr step measuremeand
factors affecting the shape attte waveform of generated current st€hapter3 describes the simulation and
practical circuit used for currentep generatortChapter4 presents the measurement of current step, technigues
used to improvaneasurementircuit and thereforats accuracy.Results andhe relevant discussions of the
conducted testing are presented h€taptels presents the methods usedtfarcalibration oftheresstive shunts

and current sensors. Finallghapteré summarizes the work and presetismost important conclusions along
with guidelines and suggestions for further possible improvemettisiature.



Chapter 2

Theory and Background

As the thesis aim is to develageference calibration circuibr current steps, it ifirst necessary to generade
current step and to identifponitoring techniqueBr measuing current stepsTherefore this chaptepresentsa
broad overview of different current monitoring techniquésir performance and limitations, as well as reviews
the literature concerning current step to determine the most reliable method for current step generation,
measurement of current step, and factors affecting current step measurement2Sagaiitin? provide a generic
overview of sensors used for current step measurement. Se¢titefines the current step in terms of its purpose
and the methods used by different authors for current or voltage step generation.ZSétiosduces the spark
gap as a switch and its role in current step generation. S€cfiand Sectior?.6 discuss the measuring system
and the factors affecting the current step meéagwsystem. Sectior2.7 defines the calibration that will be
performed inChapter5 for current sensors used this project. Finally,Section2.8 summaries the whole
discussion in this chapter.

Current sensing techniques can be classified basedfoyomnderlying phgical principleq14]:

TheOhmés | aw of resi stance;
TheFaradayébés | aw of i nducti on;
Magnetic field sensors; and

Faraday Effect.

= =4 =4 =4

In this work the current measuring technigdekow the first two physical principle3.herefore, theneasurement
techniquewill be explainedn terms of these two principles

2.1 Current sensing based otheOh més | aw

One commonly used approach for current senfsthgwing theO h md s ardshaunt resista Theseare called
with different names such as shunt resistors, current viewing resistors, or current viewing Sensoresistors
are established industry favorites among resistive products (passive produtteraajority of theseare surface
mounted. Tiey are named shunt resistors as their main purpose is to monitor the current in acticcding to
O h mo sby tramshating the amount of current in a particular circuit into a voltage whiakesilgbe measured
(Figurel). Thecurrent ismeasure@s

lioad=V/Rshuni )

wherelioad, V ,Ruuni@re load current, supply voltage aredistance athe shunt respectivelylhey have typically
alowresistancef50 mY or | ess. Shunts are high frequency r
and power generated by impulse generators, capacitive banks, and steady state current loads.



Figurel The working principle of curnat viewing resistor.

A potential drop across these shunt resistors is ustg: psoportional measure of the current flow. Shunts can

be usedothasalternating current (AC) and direct current (DC) sensors. It should be noted that the use of shunt
resisors is limitedandcan be restricted in high current applications due to their power loss. Different types of
shunt resistors or current viewing resistors are lgetlidinghigh performance coaxial shurfi&gure2(a)) and
low-cost surface mounted devices (SMD) depending on the applications and current ratings.

2.1.1 High performance coaxial shunts for impulse current measurement

High performance coaxial shts are widely used ithe measurement of transient current pulses having fast rise
times and high amplitudeshe high frequency behavior dfiesecurrent sensing resistors is of critical importance
in such applications. The equivalent circuit diagfanthese shunts shown inFigure2(b).

T o : > W | I AR A ‘
Resistive tube / / i,: R
(a) (b)

Figure2 (a) Coaxiatube shunt: Front and lateral sections [7], (b) Equivalent circuit diagram for impulse shunt [14].

Conductive tube

Here Ris the nominal resistanck; is the parasitic inductance aRdis the series resistance due to skin effect
that can be ignored in the case of DC currents. Parasitic indudtaresults fromthe mutualinductanceM of

the loops built by the main current and the sense M&sThereforethe connection of the sense wire is of more
importance to achieve high performance. This parasitic inductdmeeto mutual inductance should not be
confused with theself-inductance of the current viewing resistor. Reductiohsimcreases the measurement
bandwidth. The geometrical shapes play a vital role in reductionLgflike coaxial resistive tubevhich
significantly reduces the flux that couples into the sense[hse[18].

If coaxial shunt resistors are used for DC current measurement, the series resistance due to skin effect can be
ignored and the parasitic inductancenegjligible due to the coaxial construction. However, when hehy
shunts e used for measurirtge AC pulse currents of high magnitude, the siifect becomes a limiting factor

7



thatdetermine measurement bandwidfh9]. Flat strap geometry is also one of the techniquesthaethaeases

the measurement bandwid0]. All these types allowhe measurement of current pulses wiie risetime of a

few nanoseconds and of several kilo amperes current magnitudes. Concluding the resear¢thes0riiené s | a w
of resistance offers the simplesplutionto measureurrents However, themaindisadvantag of current sensor

using this method ishe unavoidable electrical connection betweendhesor circuit and theurrent to be
measuredln this projectthreehigh performance coaxial shsrity T&M ResearcHProductsand one byHILO-
TESTare used. Structural details of these shuntseaiable inAppendixA.

2.2 Currentsensing basedotheFar adayoés | aw of inducti c

In safety standards of electrical isolatithe airrent sensorllowingtheFar aday 6s | aw of i ndu
principle are usetbr current sensingrhey provide inherent electrical isolation between the output signal and the
current being measured. By providing a ground related osiguiél, isolated current sensing technigue enables

the measurement of current on the high and floating voltage fmieriRogowski coils are one of the current
measuring sensors that are based on the principle

2.2.1 Rogowski Coil

One of the main examples of an applicationusiefar adaydés | aw of i ndasshétwnon i s
in Figures.

{z’ ,'_ __f-._\_u \\ ;\\.,__

.-’_.,". /\\./,-' ":.\\.__%___‘ )
=1 | I
: N a | |
Iflow \ \ V I~ |

- l'.‘._ -.._\ P \‘\

N A\ XS F

\“..\-" N = )/ /_,

“, - -?/ ’
‘\ --.f - ; <

Figure3 Rogowski coil.

These coils work by sensing the magnetic field producetthdgurrent without requiringny electrical contact
with the conductor whose current has to be measured. The working principle of the Rogowski coil is explained
starting with ampereébés | aw, whi c hBinthe coilhMathematicdlly i nt e ¢

sFpma o @

wherei. is the current that flows througin area enclosed bsomecurve C anduo is the permeability of free
space. For simplicity, we assume much smaller esestional diameter thaheradiusr of Rogowski coil, which
is valid for most coil designd.he equation for mgnetic flux densityd can bewritten for the current. centere
inside the coil as

oF



Z ©)

Now Faradayb6s | aw of induction can be applied here
N turns due te@hange in the currei@21] as
m- [ J
o A a2 2k (4
< < Z W 4

whereN is the number of turns amlis the crossectional area of the coil body formed by the windings. Voltage
vis therefore proportional to the derivative of the primary cuiikemhichis to be measured. Using infinitely high
input impedance and an integrator with integrating con&tean yield the exact results as

()

Note that the above equation is theoretically valid evidreleometry of the coil is not circular or the coil around

the conductor is not centerg¢®l]. However,the datasheets for commercial Rogowski coils explain that the
measurement errors are increased, if the coil is not aktiter (coaxial) as explaineg Bigure4 [14], [22].

Conductor Position | Typical Error

O <1%
. <0.2%
O <3%

Figure4 Theinfluence of conductor position on accuracy of Rogowski coil [14].

This is becausghe winding densityis never perfectly constambund the coil. Accordinglyif the conductor
carrying current that has to be sensqubisiionedclose to the clip togethenechanismwhich is the point where
output from the winding end is connectélte accuracy obtained is poorest. The reasoreiwitiding density,
which is never perfectly constant around the aothis region

The practical Rogowski coils armt suitable formeasuing low frequency currentf21], [23-24]. To extend the
range to DC current measurement, it is recently proposed to use a Rogowski coil in combination withsuitreer se
that can also provide information about [X5].

For current measurement based uffmtaraday law of induction, twRogowski coils fronPearsorklectronics
calledaswide band current monitor devices aredisn this project work. Data sheets and structural ddtails

these Rogowski coilare available ilAppendixA. These sensors are claimed to have a potential for measuring
small currents in sub milliamps like thebeam of charged particle, or large cursantkilo amperes causdnyy

fault currentsm power systems. Ele products are using a patented distributed termination technique, which
allows them to measure, and monitor pulse currents with the rise time in nanoseconds. They have greater immunity
to noise for small currenthan the coils of angther product and can be connected directly to digitizers and
oscilloscope$26].



Structures and models using coils and windings such as Rogowski coils, toroids, solenoids, current and voltage
transformers etc,apacitance and inductance are important parameters. Capacitance is mainly caused by electric
coupling between the winding and the other parts of the structure like core, while magnetic coupling mainly causes
inductance. Usuallg Rogowski coil hacapacitance associated with each winding and a large value of inductance
due to turns of wire. These high valued inductances and capacitances can form resonant circuits within the current
measuring instrument and can cause frequency distortion. ThetbmieearsoProducts are usinthe coils of

improved characteristics such that the load resistance is distributed in each winding of the coil. Pearson current
monitors have an improved pulse risae response and good pulse flat top characteristicshangirametenf
consideration is the cable that is used with the current measemsgiconnected toscilloscope having definite
impedance. For best transient and frequency response, it is necessary to have an impedance match for this cable
and the loding resistance of the measuring instrument to avoid reflections. This cable is then fed directly to a
high frequency oscilloscope having high input impedd2¢g

2.3 Current step

A typical waveform of a currérstep is shown ifrigure5. The value of the current steptbeimpulse current is
the maximum value of currennclusive of superimposed oscillations. Rectangalarent steps havaore or
less pronounced droophis current step waveform is characterized by its peak currentivahekthe two time
parametersduration of the peakyand the total duratiof.

U0 TimeTyis the time during which the current is consistently greaterttie@®0% of the peak current
valuel.

U ParameteT, called the total duration, is the time during which the current is greatethihdd®6 of the
peak current valuewith a requirement it T, O 1IT4. 5

i/

1

0.9 ‘ a

T

Figure5 Current step with superimposed oscillations [28].

Rise time and bandwidth arghe importantparameters to be considered for current ggeperationFigure6
explainstherisetime of thestep @ impulse.Rise timeis the time required for a pulserise from 10% to 90% of
its steady value. Alternatively, it is the time between two points atalfi¥®0% othe peak value of an impulse.
In contrast, theermfront timeis used in high voltage measurements. While measuring themisgt is also
important to considehe risetime of the measuring instrument.
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Figure6 Definition of rise time Ta of a current step [28].

Bandwidthis the 3dB frequency limit in frequency domain equivalent to dedinition of risetime in the time
domain.The relation between the rise time and the bandviddiha system igjiven by

8 8 8
[ I (6)

whereT,is the riset i me . The factor 0.35 is wvalid if the syst
overshoots (first order system), while the factor 0.45 is valid for a system with about 10% of overshoot in rise
time (higher order systeni}8].

Thisthesiswill usethe generatestep current for characterizing the performance of the shuntstlagidavailable
currentsensors.

2.3.1 Previous research

Various methods have been proposed for generation of voltage pulses anditbigjz® time in the range of
nanoseconds [294]. Most of these methods used for generating voltages pulses can also éé fapptie
generation of current steps. For example, a coaxial cable was used in32P&3a pulse forming line, a pulse
geneator based on ferrite pulse sharpener wsed in [30], highvoltage step recovery diodes were used in [31]

to generate voltage steps with peak value of 500 V and approximately 0.8 ns rise time. Similarly, Power
MOSFETS were used in [32] to produce thiage steps in excess of 1 kV havthgrise time of 15 ns. However,

only limited work has been specifically devoted to current stdps.limited work includes generation of current
stepsby [7] using coaxial cable

In all the previous work done dhegeneration of current and voltage steépis, found thathe most inexpesive

and reliable method is using coaxial cable generator. The method is based on discharging length of a charged
coaxial cable by using fast switch. Various kinds of fast switctiévices are useduch as two pressurized spark

gaps weraused in [29], power MOSFETS in [32], mercwwietted reed relays were used in{8034], and a

simple air spark gap was used in [7]. In addition to coaxial cable being considered as the mesiretiadd for
producing weldefined rectangular current stegimple spark gap devices with air or other pressurized gas are
used as switching device which are found simple;d¢ost, and easy to construct.

Figure7 shows a simple version of coaxial cable generator descrij&dl fior testing the dynamic behavior of
impulse current shunts. An opended coaxial cable with the length of 890and the characteristic padance
Zof50 Y was c¢ haVsgpplad by bigh valtdge ZCgyenerator through charging refstaris the
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induceince of circuitRir epr esents the thin walled ddustheeefetences hunt
current measuring transducer. Digital oscilloscope was used to measure the voltage across the shunt. A long trace
of current steps and the first current step are showiyginre8.

Osc

Figure7 Circuit diagram of the current step generator for testing the dynarbiehaviourof impulse current [21].
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Figure8 Left: 800 m long coaxial cable dischargarrent, Right: Measured current in the first 8 ps: a) with impulse current transformer,
b) with thin walled shunt [21].

The length of the current step can be adjusted by changing the length of coaxial cable used in current step
generatorForsuch purposet is impractical to build the generator by having the charging resistor at the opposite
end to the switchthough it is easier to visualize the operation as showkigure7. Current step generator with
changing resistaRy and supply voltag¥ at the switch end of the line is showigure9. This circuit is practical

and can be built for generating current st&ag.

Coaxial cable

IONEET

Oscilloscope

)
.

Figure9 Simplified circuit diagram of the coaxial cable generator showrFigure7 with a charging resistor ané switch at the same
side of coaxial cable.

12



The Blumlein generator can also be used for current step genej@tidro understand the waveform of current
steps produced ifrigure8, it is important to understand the Blumlein configuration for transmission lines
achieving chargevoltage into matched load for a pulse length equal to double the transmit time of one of the two
lines.

Consider two lines chargess shown irFigurel0 which have characteristimpedanceZ, and driving a load Z
with theimpedance twice that of single lide2Z,. The cable is connectedaswitchSandtheDC power supply
V througha charging resistoR.

Coaxial cable Coaxial cable

Q=& = i
4 il

Figurel0 Circuitdiagram for explaining Blumlein configuration and impedance difference.
In the Initial state, the voltage across the cables is given by,

ocC ocC
Ve

-Ve

FigurellVoltage across the cables and load impedance when the switch in the circuit diagrdfigafelOis open.

Where OC= open circuit, SC= short circuit. Whiraswitch Scloses, the voltage wave follows the path as shown
in Figurel2.
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Figure12 Behaviour of voltage wave when the switchin the circuit diagram ofFigurel0is closed.

Here T= Transmitted waveR= Reflected wavend Ty = travelling time ofthe wave in coaxial cablg5]. The
pulse widthin this case with one end opeincuitedis twice the wave travelling timé&lo reflections occur if the
impedance of load is same as the cable impedanc&£f¥,). Various types of reflection due to impedance
difference can occur i.e. & | 2, @s showrin Figure13[6].

For Z=2Z0

[\

>
T 2T ar

For Z>2Z2,

[ T
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v

For Z<2Z,

A N

T a7 \ / =

Figure1l3 Behaviour of voltage waveform with and without impedance difference.
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Thewaveformof current steps produced figure8 had followedthe conditiorZ<<2Z,.

2.4 Spark gap as a switch

In a pulsed systenthe large amount of energy is stored for relativelpydaime and then released in a much
shorter time. As irthe pulsed power systems, some type of closing switch is required to deliver the energy from
the storage medium to the lgatlosing switch is also required in systems to generate high currents with a very
small rising time. The most widely used closing switchdsx@lespark gapvhich was alsaised i 7] for current

step generatiarThe spark gap switch closes to dischatgecharged coaxial cable and opens to charge it again
producing current step witherise time in the range of nanosecands

The working principle of spark gap &raight forward. It consists of two conducting electrodes separated by some
gap distanceThis gapof the spark gap electrodk filled with some mediumsuchas air orSk gas When the

voltage across the spark gap electrodes exceeds the breakdown limit of gas medium, spark is formedsthat ionize
thegas orthe medium of spark gap electrodesducing electrical resistance. An electric current therefore flows

until the path of this ionized gas is brokenmeans of some quenching medianthe current is reducdselow
minimum value called a8holding curreni{36]. It is worth mentioning thahe material of the electrode used in

the spark gap does not affect the breakdown voitagthe breakdown voltage is independent of the electrode
materialused in the spark gdB7].

For the generation of faspulses or steps charged line is discharged into a load having some characteristic
impedance by means tie spark gapswitch. This switch has to be fast enough to reopen quickly after each
closure to enable the line to be recharggdin generating regtitive pulses. The switch has to open at the end of

pulse because the current dies or ceases to flow when all the energy stored in the line capacitance has beer
dissipated. Therefore, the switchtbespark gap in case stichfast phenomenon should bese enough to ideal

switch in performancgéoecause the relay switch forms a part of overall delay [t3#je

2.4.1 Achievable risetime for the spark gap inserted in a coaxial transmission line

Three methodbave beementioned i{38] to achieve higher riseémes witha spark gap in order of-1

10 ps. One of the methgaesented io design a low inductance compensated spark gaipe iitrafast
switching as in case athe current step generatiohaving high rise timeinterelectrode spacing in the

spark gap should be made very short to reduce the inductance of spark cannel. Intherasatich
performance is dominated bige inductance of spark channel in spark gap. Theretoeedditional
crosssectional area of a spark gap in relation of electrode area should be removed to reduce the
inductance. For long channels, this can be achieved by the addition of taper in the outer conductor as
shown n Figurel4. Reduction in inductance helps in matching the inductance per unit length of electrode
gap regiorto the inductance per unit lengbhthe hardwar@8].
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Figurel4 Compensatedspark gap [38].
2.4.2 Spark gaps used in this project

Figurel5 shows two of the spark gajpssembés used as a switch to produce repetitive current steps. In this
project, spark gaps with different media were used as a switch for the current stepayeia@raArgon and Sk

were used as a medium. Dhiseging coaxial cablbavingthec har act er i st i cusihgthpspatka n c e
gap havinghe break down voltage of 300 V results in generation of current step with peak current amplitude of
6 A (according tadO h m6 s, I=V/&).\Whe Sk sparkgapwas used with adjustable electrodes aadable gas
pressure to achiewhehigherrise timeof generatedurrentstep.This low inductance desigiresented in Section
2.4.1was also built and used in this workg&ficant results were achievédr rise time of current step withe

low inductance compensated spark.gap

= (b)

Figurel5 (a) Assembly made for argon spark gap, (b) Assembly made with adjustable electrodes ais and Sgas a medium.

2.5 The Current step measuring system

The current step measuring system includes all the devices that are used for current step measuring which agree
with the high voltage measuremestandard IEE00602 [9]. Figure 16 showsdifferent components dhe
measuring system. These components aréfha&)converting devicep) The transmission line, and d@he
measuring or recording instrument.

2.5.1 The Converting devce

Thedevice which converts arapable of converting its input quantity into a quantity which is in the input range
of the measuring instrument and maintainsgheameters likshape, timefrequency componentsic of input
quantity up to a certaiaccuracyConverting device gives the replica of the measurand to the instruménis In
project resistive shunts and Rogowski coils are used as converting detfwe. types of converting devices
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include voltage dividertransformersandelectric fieldprobes. Every converting device scales down the input
guantity by its scale factor.

Ry

(1) i

ooao

O R=Z

Figurel6lmpulse measurement system showin@) Resistive divider as a converting device (it can be any other instrument e.g. shunt,
Rogowskicoil etc). (b) Coaxial measuring cable with surge impedad@es a transmission line, (c) Oscilloscope or Digital measyrin
instrument used as a recording instrumen{28].

2.5.2 The Transmission line

Transmission linéransmits the output of the converting device to the measuring dévicasually a coaxial or

a tri-axial cable with its termination connection or impedance. The cable has its own surge impedance or
characteristic impedan@: To analyzehe behavior bthe wavefornwith accuracy and better resyloptical type
transmission systems are also used having a set of a transmitter and a receiver. In some cases, impedance
attenuators may also be used to decrease the voltage even further. Presence ofratitecoagidered when
calculating the scale factor.

25.2.1 Assigned scale factor of the system

The assigned scale factor of the whole system is actually a combination of all scale factors in the system, such as
divider, sensor, cable, attenuators, instrumentsTétis assigned scale factor of the system has to be calibrated
and those calibration values should be used for voltages to get the respective values for the current.

2.5.3 The Measuring instrument

Measuring device is a devigehich measuresdisplaysand calclatesanyrelevant parameters of input voltage.
Digital recorders or digital scopes are used nowa@syshe measuring instrumeimstead of analog peak
voltmeters. Oscilloscopes and digitizers afew examples of measuririgstrumentsThe voltage receed from
the transmissiofine is fed to the instrument that multiplies the {bed scale factor of the system with it. Every
measuringnstrument usually has its own native softwatgch is thepart of the measuring system considering
as a whole. This $twvare can calculate different parametexsch as impulse front timehetime of chopping or
the cutoff etc. as per stalards. As an example, a complete system with-registance divider having high
voltage and low voltage arms and impedance mataiesigtance is shown inFigurel6.
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2.6 Factors affecting the results of current step measurement

The initial operation of a current step measuring system cemgishunts,Rogowski coils,voltage dividers,
signal cables, andsoilloscopes. The waveform displayed by theseilloscope®r digitizershave interferences
thatis not the correct representation of the original waveform being measured. Different &aetionsnd in
literature that affect the results of a current stemsurement.

2.6.1 Factors related to measurement systems

According to theNyquistcriterion,the sampling rate should be at least twice the bandwidth. If the system is used
for measuring a risime of 5 ns, the bandwidth accorditgthe relation of bandwidth/frequency and the rise
times as peequation6 will be 70 MHz. Therefore, to shothe clear picture of the phenomenon thaisto be
investigatedthe measurement system or instrument should have a minimum sampling rate of/440 MS

2.6.2 Factors related to interference

Due to their fastoccurring phenomenon, impulse and step measurements are liallee toigh level of
electromagnetic interference which can be due to conduction or radiation. One of the maof caesgerence

is theinterference currents in the braids of the meaguables, introduced by the nearby spark gaplsenircuit

of steefrise timecurrent step generat The firing of a nearby spark gap produces interferences if the high values

of current and voltages@ used that can superimpose on the beginning part of the measured impulse or step.
Hence, this hinders the determination for 90% point on the rising edge of current step which is required to calculate
the rise timg12]. In this project, the length of the coaxial cable from current sensor to oscilloscope was reduced
to avoid interferences due to the firing of nearby sparkfggprel7 shows the improvement in the current signal
during various states of the interference reduction which are superimposed on the current signal.

Figurel7 Improvement of the pulse fidelity of current signal duringariousstates of interference reduction [12].
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2.6.3 Factors related to instruments and software

The risetime of an instrument ign important parameter when evaluatitige instrument for current step
measurements. The riieme shouldconsiderablybe shorter than thesetime of thecurrentstepwhich isto be
measured. Similarly,rainstrument withrsmall sampling r&resuls in smaller number of points in the sampled
datafor current step asompared with an instrument with a higher sampling iEte. instrumenwith too much
small sampling ratavill result in loss of critical points on tlsample data of currestep, resultingrrors in the
time parameters and peak valu@8]. Higher sampling rate for better performancen d& obtained by
incrementing the number of bits of then s t r unatigenADé&canverter. Nowaday$he oscilloscopes are
availablewith much higher limits of sampling rate and spdstbMaster 16100Zi isthedigital oscilloscope from
theTELEDYNE LECROYwith thebandwidth of 100 GHz anthe sampling rate of 240 GS/sec. It leagse time
of 3.5 ps (2880%) [39]. The instrument like this can be of importance to record stegpent stepsvith high
accuracy

Digital oscilloscopes nowadays come with installable software for measurement from the manufacturer. These
programs can be installed in commercial operating systems like Windows from Microsoft. A custom software
can also be written for recording agdaluaingthei mpul se or st ep par alhesoftwares o f
used must be able to recognibhe superimposed oscillations so that the parameters can be evaluated properly
[28]. For the purpose of evaluating tHéaency, verificationfor theimpulse can be done usitige predefined

data sets of some selected shap#dser than evaluatintpeindividual software. An international comparison was
made for this purpose via neariable data sefg(].

2.6.4 Factors related to errors during signal recording

Figure18 showsthe basic block diagram of a digital recordéhe analogue and digital compents of digital
recorders used fahe measurement of stequrrents cause characteristic measurement errors. Even the ideal
digitizing is associated with errors duehefactors includingtime resolution and limited amplitude. These errors

are describé as sampling errors or quantization errors and their maximum valuésecaaticallybe estimated.

The analogue circuits of a real AD converter used in the recorder for digitizing causes additional errors due to its
technical imperfections. Thereforegthffect of errors can be subdivided into those that are already present while
sampling the DC voltage, and those that additionally arise with high frequency signals. Other error sources of
recorders include input attenuators and amplifi283.

2 3 4
- i B .
> / sp
u(r)l

1

Clock generator and control logic

Figurel8 Simple block diagram of a digital recorder. 1 input attenuator. 2 amplifier, 3 analogue to digital converter, 4 data stdsage,
data outputto external equipment [28].
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2.7 Calibration

Calibration is essentiallthe measurement of the systematic error that characterizes a device. A device can be
calibrated if a systematic error that can be moved to and from a calibration laboratory i.e. if the systematic error
is transportable and stablgithout significant change. The calibratiisndoneto correct for the systematic error,

and the initial systematic error is effectively replaced by calibration uncgrtdore of the important definitions

used in the process of calibration dedinedbelow.

Error: The unavoidable difference betwettie measured value arttie true value ofthe measurandvhich is

never precisely known is referred to as an error. Two main types of errors are

(a) SystematicerrorAn error t hat <charact er i wkichis tisadeThgraagnitude ul ar
of this error remains the same as long as the device is same.

(b) Random error:Error in measurements caused by the faatdrieh vary from one measurement to thieeo.

e.g. temperature.

Uncertainty: The estimate of how wrong the measurement may be is uncertainty. It should be noted that the
calibration uncertainty amounts tbe estimate of the systematic error, even if the calibration uncertainty is
entirely due® a random errdé41].

For measurements to be traceable to stand#rdscharacterization afurrent measuring sensors done by
calibraing them The @libration ofcurrentsensors in this projeutill be doneby selecting best shunt as reference
and calibratingest of thesensors with respect to reference shunt aSqution 5.2 ostandardEC-62475 which
explainshigh-current test and measurement techniqads The calibration of current sensors with a reference
current sensds explained irChapters. It consists othe following two step

U Estimaing the uncertainty of current sensor with respect to reference current $ewviog suitable
accuracy
U Considering the dynamic behavior of different current measuring sensors

After thecalibration of sensofseeping in view the limits presentedstandardEC-6247511], the system acts
as an approved measuring system which can be used in high voltage labs.

2.8 Summary

This chapterintroduces and compares ttweo different current monitoring sensors, resistive shunts ukieag
Ohmés | aw and RdgkPas&day®s |[Isawsdfmgi nduc tfarmeasurin@ ot h |
current step Current steps are explainelbrag with brief discussion on previous research done in this field.
Various methods are analyzedhich areusedin the past for current step generati®his chapter presented the
theory of current step measurement systems, fetdach dfectacurrent neasurement systemdabrief theory

of calibration whichwill be donein Chapters for all the sensors used in this projdetom ths background study

of current and voltage stggneration, it is concluded that a coaxial cable generator with the spark gap as a switch
is the most inexpensive and reliable method usedh®rcurrent step generation. Therefore, a coaxial cable
generator 3 made for current step generation witie spark gapas a switchingdevicein this Thesis The
generation of current step esented irChapter3, followed in Chapter4 by an explanatiorf current step
measurment
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Chapter 3

Generation of Current Step

This chapter presents the simulation @naktical circuit for the coaxial cable generator used to generate current
steps. In addition, the working principle of this cable generator is expldteetion3.1 discusses the general
circuit for current step generation. Sectibfiand3.3explain circuit simulation and practical circuit thecurrent

step generator. Finally, SectiGnt summaries the whole chapter.

3.1 Generation of rectangular current step

Figurel9 presents an arrangement for coaxial cable step generator that can generate negative or positive step
currents.  consists ok coaxial cable having surge impedadaeharged from one end wita direct voltagéJ,

through a serieshargingresistancdr;, and the other end tfis coaxial cable is left opeiis the inductance of

the overallcircuit includingtheinductance of connectiomdspark gapZ. is the impedance of load connegted

such as shunt in this projedthe peak current of the current step generated is the ratio of the applied Whltage

at which thespark gapswitchSoperatesandthei r cui t 6 s t ot al i mpedance at t
impedance of circuit whethe switch S closes is theharacteristic impedance of the coaxial cabland the
connected load..

—__] s
Uo () —" @

Za

= 1

Figurel9 Circuit diagram of coaxial cable current step generator charged via charging restdtaihen the switchSis closed43].

According to[42], themagnitude of the generated current step is given by

—f'J_LF h @

wherel is the magnitude of the current step generatedUansl the applied DC voltag€ is the characteristic
impedance of the coaxial cable afds theimpedancef the connected load. Since the characteristic impedance
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of the coaxial cable generator is a dominating factor as comparedstoaliempedance of the connected load in
this project the final equation can be approximated as

- .
L - h ©)
which gives the magnitude of the current step generated ignoring the neghgibldanceZ, of connected load.

One possible method of generating a current step is a cable generator as repreb@yuesll; The charging
resistancdr; is selected large enough to slowly charge the cable for the duratiom cdblgransmission delay
Initially, the coaxial cable is charged by varying voltafgeof DC generatothrough a series charging resistance
Rito the breakdown voltage (e.g. X8 for 50 A current step) of the spark g8pDuring the charginga steep
wave of current enters the coaxial cable and reflects at the open end. This reflected wave travels back from the
open end to the entry point of the cable with same amplitude aadtypals explained ifrigurel2 of section
2.3.1 At the breakdown voltage, the spark gap sw8anites (closesand the charged coaxial cable is discharged
to the loadZ,, which isaresistive shunt in this caseherefore,discharginghis coaxial cable generates tharrent
sters with step length of twice the cable transmission de@yrent step are generatedt the terminating
impedance whose amplitude is determined by the ratio of the impedance of the connectégd doat¥. The
current steps are generated which has the waveform according to the cohdit@h described irFigurel3,
Section2.3.1

The electromagnetic wave propagates at the speed of light through free space. When the current wave is
surrounded by the insulating medium other than air or vacuum, the propagation dedagas proportionally.
The propagation delay with known dielectric consfkis given by the following equation

M _TE ©
T
wheretdp is the propagation delafpk is the dielectric constant amdis the speed of light in free spadéhe
material used for cable insulatiofi coaxial cablaised in this projeavasfoam polyethylen®btainedfrom the
data sheetThe dielectric constant dibam polyethyleneaccording to[42] is 1.37. The transmission line
propagation delagpf approximately 450 ns was calculafed the coaxial cablesingequation9. Therefore, for
twice the transmission delag,900 13 step length can be generatédcurrent step length ofpgroximately 960

nswas generated practically which agreed with theoretically calculated step length.

The steepness of the step depends on the spark gapSwaiitthhe inductance of the leadshie discharge circuit.

In a low-inductive construction of a step generator, rise times of the step voltage less than 1 ns can be attained. If
a recorder or a coaxial shunt is connected to the generator by means of a coaxial cable, introduction of a series
resistance equal to the cable surge impedance is recommended to avoid reflection phenomena.

For Z:=Z, the current dies out or ceases at the terminating impedance after twice the cable travel time. In the
meantime, the switch operates again forming suteessirrent steps. FoZ. Zthe reflection phenomenon
happens again at the load, now with opposite polakitgording to [42], he duration of a current step generated
depends on thehysical length of the coaxiakable and the cable travel tigarenby
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< o, (10

wherev — L, andC, are characteristic inductance and capacitanteeabaxial cable. Note that the length
of the current step is always limited by the drooping of the current step due to damping losses in the cable. Relation
between theisetime of the generated current stdpand the inductance, is given bytheequation
.| o~
L L_F h

whereL is the total inductance of overall circsiich asnductance of spark gap, connections[4f}. Therefore,

the risetime is limited by thd./Z time constant of the circuit. Inductance or inductive loops in the circuit should

be reduced to get lower rise times. Rise time is also affected by the type of switch used, while it depends on the
type of medium used in case of the spark gap used asch F3vi].

(11)

3.2 Circuit simulation of current step generator

The smulation tools MicreCap[44] and Castle transmission line circuit simulde] were used for simulating

the circuit diagram of the current step generator. The purfposgimulations was toampare theobtained
waveforms with those which will practically be generated at High Voltage LaboratoeyCastle transmission

line circuit simulator hathe advantage of simulating lossy transmission lines in time domain using transmission
line equatios. It was therefore used for simulatitige circuit which helped in getting required airRggure20
shows the circuit diagram made with castle simulat
and parasitic inductance of 0.2 nH. A spark gap was simulated by using trenidela¢sS1andS2 their position

and switching times were arranged in such a way that the coaxial transmissibhwae charged for the time

twice the transmission deldy(the time for which the switch remains closed). Thus, the cable was continuous
charged and discharged generating current steps with the same decay time as calculated practically. The simulated
current steps antthe magnification of the first current stepe shown inFigure21. The droop in the current step
depends on the resistance of the coaxial dabteverall inductance of the circui6, andthe swiching losses of

the spark gap.

Coaxial cable
Cage
LOSSYR Z0=50 TD=500n R=8

32 51 RG L6 to oscilloscope

(T J—o—
DC supply V1 0.01 1uH Z0=50
DC 2500 TD=100n R4
—_—C5 50
20p

Figure20 Circuit diagranof current step generatr simulated on theCastle circuit simulatowith an ®n oo K midsutintéurreht2 NJ
step.
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(a) (b)
Figure21 Simulation resultsof Figure20 simulatedwith the Castle circuit simulator for current steps using circla) Simulation
results for long trace of current steps generated, b) Simulati@sult ofthe first current step (1000 ns).

3.3 Practical setup for generating a current step

Figure22 showsthe setugdor generating current stepsiilt in the High VoltageLaboratoryat VTT Mikes [51].

A DC generator capable of providing voltage up to 200 kV was used toechiargg H e Ible Jd.&m irclength
having characteristic impedance of 60The charging resistor of 32 ¥landspark gaps of different media were
used as the switch
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Voltage DC generator.
Coaxial cable

Probe Divider

Charging resistor
inside the box, 32 MQ

Cage

Shunt

Rogowski
coil

Spark gap

= ; . covered with
Figure22 Circuit assembly fothe current step generation in High Voltage Laboratory at VTT MIKES. Tharldé@ble can be seen ( Aluminum

the left charged withthe DC generator througla voltage divider and series charging resistance. The spark gap used is located be sheet for

cableand the cylindricakage like structure made for placing sensors coaxially with resped¢hworeturn path of the current. The cag inductive

has two round disdike plates with central conductor for current flow and 8 rods for return currefithe Rogowski coil which can | grounding
seen insi@ the cage and shunt resistor to the right of cage are connected to oscilloscope via coaxial cables.

N ' : G LT -

The coaxial cable was charged with the DC generator from one end and left open at the other end. With the help
of a spark gagwitch, the cable was charged by varying DC sugplpughaseries resistor of resistance 3¥M

The cable wasdischargedo ashunt (or coillat thespecified breakdown voltage tife spark gage.g.2.5 kV for

current stef 50 A and5 kV for current stemf 100 A) to get the required current step as per equaidrne

current steps generated were identical and comparable to the simulation results shigureRil. Figure23
showsoneof thepractically generated current stepslits magnified first current stef.o increase thsteplength

of the current step generatéiaglength of the coaxial cable used for generation was incrdemedl0Gm to 110

m. Figure24 shows the comparison of two current steps with different length of coaklalinayeneration circuit.
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Figure23 Practically generated current steps at VTT Mikes High voltage laboratory using shunt resistor. (a) The long trace of
generatedcurrent steps (b) First current step of generated steps with shunt resistor.
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Figure24 Current steps generated with different cable lengths showing increasthimstep length.

Tektroniximpulse generatavas also useth the initial stages of practical lab testgyure25 shows the impulse
generator used ants specifications are listed ifablel. The coaxial cable was charged using this impulse

generator instead of supply from DC generator, and the current step was generated by digtieaogibig
through a 300/ spark gapswitch

Tablel Specifications othe Tektroniximpulse generator.

Device Manufacturer | Model |Outputimpedance Rise-Time

Impulse geerator Tektronix 110 50 VY 0.25ns
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Figure25 Tektroniximpulse generator.

According to[43], arise times of 6 to 8 ns can be achiewsithgnormal spark gapwith atmospheric aias a
medium.Results achievepracticaly by usingdesignedurrent steps genera@mostagreedvith this statement
by getting a risé¢ime in the range of 10 nSimilarly, pressurized or multiple spark gaps allevenshorter rise
times [43]. Therefore, to improve the accuracy of generated current,stapsus spark gaps, including
pressurized Sfgas filled spark gap asused laterristeadf an airfilled spark gapTable2 shows different types
of spark gaps used in this project. Gaps number 1 and 2 were commercial argon fillddctwazle surge
arresters. Gaps number 3 and 4 are the sammadi gap box shown Figurel5 of Section2.4.2 filled either
with atmospheric air or pressurizedsSF

Table2 Various spark gapused in current step generation.

S.No.| Gas | Gap length Breakdown Voltage Type
1 Argon Fixed 300 V Commercial surge arreste
2 Argon Fixed 2.5kv Commercial surge arreste
3 Air 0.1--1.1 mm 1.7--4.7 kV Adjustable seidmade gap
4 Sk 0.1 mm variedwith gas pressure | Adjustable seimade gap

Figure26 showsa coaxial cage like structumaade to provideeturn path for current and coaxial connection
current step measuring sensdnsorder to reduce the rise timéthe generated current stepe circuit was kept
coaxial to minimize its inductanc&he inductiveloops and thereby inductance in the cireuitre reduced bg
coaxial structure made at the workshop of VTTKES to place current sensors coaxially wisspect to their
return currents. Inductance directly effects the tiise of the generated current stegrording to equatiothl.
Thus,modifications were made throughout different test sessions performed to ableiéwerrisetimes.
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Figure26 Cagestructure made to providereturn path for current and coaxial connection faurrent sensors.

To further analyze the generated current stéygscoaxial cable used as current step generator was also charged
from its opposite end, i.e., from the end normally left opeaxémmindts effect on thevaveform ofcurrent step.

The results showed that theange irthe cable orientation does rabtect the rise timeof generated current step

The cable from different manufacture(EcofleXy was also usedor current step generatidmving thesame

i mpedan c epravibushuged Mandoagcoaxial cable. Namprovement in the riséime or the wavedrm

of current stepvas observedAppendixB shows all theurrent stepgenerated witltoaxial cable charged from
opposite end, and witBcoflexcable of approximately 18 in length.

Inductive grounding at different positioréd it effect was studied on the generated current step. Inductive
grounding connections were made at the end of the sensor where it was connected to the transient recorder with a
cable through a BNC and-tbnnector tayet thebest current steps generated. A sfaitehed droop cannot be
prevented due to the dampening of the cable. Generated current steps were measured with different sensors anc
recorded with variousscilloscopes available.

3.4 Summary

This chapter presented coaxial cable generator and its wgkimgple made in HVLab at VTT Mikes for the
generabn of rectangular current steps. The circuit simulation results for current steps and practical generation
circuit results were compared, showing identical outphe circuit components, various spark gaps used as a
switch and modifications to the generation circuit were described. The measurement of current steps generated
using this step generator is explainecimpterd.
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Chapter 4

Measurement of Current Step

This chapter describes the measurement of generated current steps presempdeis. Sectiond.1 describes

the sensors used for current step measurement and their specifications, practical step measuring circuit and its
working, procedure followed for recording measured data and blagkains of measurement circuit. Sectioh

discusses the factors affecting current step measurement, waveform and the rise time of current step measured.
Section4.3shows the measurementradfe time andherise times recorded with various current sensors used in
different test sessions. Sectid provides the result for interference tests performed. Sedtiompresents
reference calibratio circuit for step measurement atlde calibration of current sensors. Finally, Sectiof
summaries the whole chapter.

4.1 Measurement setup

The generation and measurement of current step are overlapping phenomena that are performedTiogether
current stepgieneratedavere always masured and recorded with current sengegaire27 shows pictures of the
testedsensorsvhereaslable3 shows their specifications

Pearso coil (P1) % ke -

shant (53] ‘ i 2

«

iBARUrOIGEY

Figure27 Sensors used fomeasuringthe current step; (a) Thé®>1Rogowski coil from Pearson Electronics, (b)T3@shunt from T&M
Products, (¢)The&1shunt from T&M Products, (d) Th8Hshunt from HILO TESTe) TheS2shunt from T&M Products, (f) The2
Rogowskicoil from Pearson Electronics.

The current sensors used were 2 Rogowski coils and 4 resistive shonetd.the main aim of the current step
measurement was the step calibration of shiisDC calibration &r most of theshuntshad already been carried
out at VTT Mikes previously, followed by new DC calibration for shymesentedn Section5.1in Chapters.

However,no step calibration for any of the sensas previouslyavailable.Due to common mode grounding
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problems, two shunts cannot beedily compared against each other. However, it was possible to compare the
response of a shunt with a current sensing Rogowskiasoi transfer referencepresented irFigure 28.
Therefore, m most of the measurement sessions, one shunt and one coil were used togdtbesame
measurement setup record the measured data fbe step calibration of shunts anddoalysetheir behaviour
towardsthe generated current steptbé same risdime and peak current value. Other thhanording data for
calibration andthe characterizatiorof resistive shuntsgenerated steps weegaminedto look for the factors
affecting thewaveform ofthe current step anits risetime. Only first current step was studied in this thesis.

Table3 Measuring sensors used and their specifications.

Symbol Sensor | Manufacturer | Model | Nominal | Sensitivity/ | Bandwidth | Rise Max.
used sensitivity Resistance (MHz) time Current
or (calibrated at (ns) (A)
Resistanc VTT Mikes)
P1 | Rogowski Pearson 110A | 0.1 V/IA - 20 20 10,000
coil Electronics
P2 | Rogowski Pearson 2877 | 1VIA - 200 2 100
coil Electronics
S1 Shunt T&M W-1T- | 0. 5 | (0.490509 + 400 1 -
Research 5- 0.0000
Products 1STU
D
S2 Shunt T&M W-1- 0. 1 | (0.099337 + 400 1 -
Research 1- 0.0000
Products 1STU
D
S3 Shunt T&M W-1- | 0. 01 (0.010338 + 800 0.45 -
Research 01CG 0.00000021)
Products 2FC Y
SH Shunt HILO-TEST ISM 0.05 - 200 1.8 5000
5P/50

Figure28 showsthe general assembly of how current measuring sensors were used in aAgarntexample,
one coil and one shunt are used togethenéasuremergetup.The shunt is connected am oscilloscope via an

attenuatoto scale down the readings in the acceptable range of ghgmtirk gaps used as a switc&
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Figure28 Circuitdiagramfor the measuing current step using shunt, coil, attenuator and oscilloscof@and L representing spark
gap and the total inductance of circuit, respectively.

The Rogowski coils and shunts were connectedn® of the oscilloscopes frofektronix digitizers from
National InstrumentsandLeCroy. Table4 shows the details and specifications ofdkeilloscopes used. During
the testing, the oscilloscopes were remotely conttoll& optical fiber.The purpose of using different
oscilloscopes was to measure the current steps with various sampling rates and bafdwidibtimal sampling
rate for the setup was 1 GSxcept the LeCropscilloscope with bandwidth of 600 MHarspling rates higher
than 1GS/s resulted in oversamplinfhe LeCroy oscilloscope was used in case of fast switchirg@&k gap
that resulted imrisetime of less than 5 ns for most of the current sensors. This oscilloscope hedpatyging

details in the rising edge of the current step measured.

Table4 Oscilloscopes used as a recording instrument with the current sensors.

Scope Model Bandwidth Sampling rate| Uncertainty | Sampling rate
(MH2z) (GSl/s) (%) used (GS/s)
Tektronix TDS 784C 1000 4 0.8 1
National Instruments| PXI-5124 150 0.2 0.38 0.2
LeCroy 64MXs-B 600 10 1 10

Figure29 shows the practical setup assemblytf@current step measureme@urrent sensors were connected

to the oscilloscopes througthec o a x i a | cables of 50 Y théwavebontaedrthes t i c
rise time of the current step. Usimpssiblyshort lengten coaxial cables of 5/ char acteri stic
between the sensor and oscilloscope provided impedance match to avoid refleatised byimpedance
mismatch The data wasecorded with a software developed at VTT Mikes for the purpose of data reading from

theoscilloscope.
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Wide conducting plate
(aluminum) for inductive
Oscilloscope Attenuator grounding

5 Coaxial cable between
| sensor and oscilloscope
(Transmission line)

Connection to
110-m coaxial
cable

Spark gap

Cage structure for
return current with
P2 coil inside

N-connector

Figure29 The setup assembled on a grounded aluminium sheet to provide the inductive grounditigg@onnections of components,

connected through BNC and-tbnnectors. From the right, there is a spark gap switch followed by cage like structure withPthe

Rogowski coil inside and th81resistive shunt to the left. The cage like structure provided thedeN)y LJF G K | yR | fY2&d pn
match to the circuit. The possiblshort coaxial connection from sensoiS1shunt andP2coil to the oscilloscope can be seen. Also, an
attenuator is used with theP2coil at the input of oscilloscope

While measuring geaarated current stept)e shuntS1andthe Pearson coiP2 were used withattenuators to
attenuate the signal drget the output signal on oscilloscope withire required rangeFigure30 showsa
simplified schematic of the principle design for an attenuator. A change in the scale factor of the attenuator was
expected duringeist sessiondue totheinput impedancef an osciloscope temperature dependence, and-self
heating due to application clirrentsteps[46]. This was confirmedvhen the two sensors used together in the
same measurement circuit measured different amplitude of the current step with one of the sensor using
attenuatarlt was realized that usinga %0 i np ut of anpscitloscopmes responsible for the change in

the scale factor of the attenuat®he input impedance was in paraliéth the attenuatoandanew scaling factor

was therefore calcuiad accordinglyTable5 shows the attenuators used and their change in the scale factor with
a®yY input i mpedance.
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Figure 30 Simplified schematics showing the principle design of a réges attenuator (a) without input impedance (b) with input
impedance.

Table5 Attenuators used irthis project.

S.No | Attenuator| Used with | Change inthes cal e f act or wi tf

1. 51 ShuntS1 581
2. 6.6:1 Coil P2 7.51661

Initially, low amplitude current steps in the range of 6 A were generated th&ntektroniximpulse generator
shown inChapter3(Figure25). These current steps had oscillations throughout the step measurdbev@th
shunt, buthe measurement session with this impulse genegpaterded path for understanding generation and
measurement dhecurrent stepAppendixB shows the rising edge of a current step measured withHIsdunt
usingtheimpulse generator. Latehigh amplitude current steps were generated with peak currentuangg0

A using DCgeneratoravailable inthe High Voltage Laboratory at VTT MikedDifferent test sessions were
performedfor measuring current steps ugiourrent sensolig various combination®llowing the similar setup
assembly as shown Figure28.

Table6 is anexampleof the test sessions with the Tektronix oscilloscdpgeeblock diagrams of each circuit used
for generation and measurement in this session are shdviguire31. These arrent steps were generated with
50 A peakcurrent as per equatid) usingthe sampling rate of 1 GS/s, acquisitions number of 100, Argbn
spark gap of 2.5 kVIn eachtest session, parameters ligeoundingconnection, coaxial connection, and
impedance difference in circuit components were examined using the obtained wav&armsit steps
generated for this test session atber test sessiongith variouscurrent gnsorsand oscilloscopesised are
presented i\ppendixC.
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Table6 Tests performed for high amplitude current step measuremarsing the Tektronix oscilloscope as a recording instrument

Digital
Multimeter

I .
a

Oscillocsope

Measurement circufor test 1A/2/4
(S2&S3 shunts used separately)

34

Digital
Multimeter

S. No Pearson| Pearson| HILG | Shunt Shunt Grounding| Qoil position Purpose of

coil coll TEST | 5113 5114 measurement

5104 | 5103 | Shun | (S2) (S3)

(P1) (P2) (SH)
Test01 P P P P not in center Waveforn®. rise time
Test01 (eading2) P P P P in center(coaxial) | waveformstudy
Test 02 P P P in center(coaxial) | Waveforn® rise time
Test 03 P P P P in center(coaxial) | waveformstudy
Test03(reading2) P P P in center(coaxial) | waveformstudy
Test 04 P P P in center(coaxial) | waveformstudy
Test 05 P P in center(coaxial) | Waveforn& rise time
Test 06 P P P in center(coaxial) | waveformstudy
Test 07 P P in center(coaxial) | waveformstudy
Test 08 P P in center(coaxial) | waveform study
Test 09 P P only S2 in center(coaxial) | waveformstudy
Test 10 P in center(coaxial) | waveformstudy
Test 11 P in center(coaxial) | Rise time
Test 12 P P in center(coaxial) | Rise time
Test 13 P P in center(coaxial) | long trace study
Test 14 P P in center(coaxial) | waveformstudy

Generstor Genetator
Dicr fiites
P1 Coil P1 Coil
e E3 o

Oscillocsope

Measurement circufbr test 1/3/3A




DC DC
Generator Generator

Voltage Voltage
Divider Divider
P2 Coil
P1 Coil P1 Coil
Coaxial spark Coaxial
Cable gap Cable
et
Multimeter Multimeter
Measurement circufor test 5 Measurement circufor test 6/7
:
Generator Generator
\I/Doi\lltw?jgé? Voltage
P2 Coil Divider
P2 Caoil
Cgagial sga;}k
able aj
Ij = e B
Digital
Multimeter
Multimeter
Oscillocsope
Measurement circufor test 8/9 Measurement circufor test 10/11

DC DC
Generator Generator

Voltage
Divider

Coaxial spark
cavte L= ]
Digital
Multiimeter

Voltage
Divider

Coaxial spark
Cable gap
Digital
Multimeter

Oscillocsope

Oscillocsope

Measurement circufor test 12/13 Measurement circufor test 14
Figure31Block diagrams of all the tests performed for current step measurement using different combination of sensors.

As an examplef current step measuremettite currentsteps folP1 andP2 coils are comparedn Figure32
while thecurrent steps and their rising edge $drandS2shuns areshown inFigure33.
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Figure32 Current step measured with thé&1and the P2coil separately in differentest sessions. There are some oscillations in the

rising edge of current step measured with tHlcoil while no oscillations were recorded for the2coil.
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Figure33 Current step and themagnifiedrising edges measured with shun&l and S2used separately in current step measurement
circuit in one of the test sessions.

4.2 Factors affectingcurrent step measurementnd the rise time
Various factors including grounding connection, the coaxial assembly of the sensors, reflectionmdedande

difference, the arc length of spark galpctrodesthegas pressure of spark gap medjiand the nominal values
of current sensors were observed which affected the shaipeafrrent step waveform and its rise time.
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A. Grounding connection

The BNC and Nconnector were useftbr connecting different components togethacluding oscilloscope,
shunts, Rogowski coils, spark gaps, charging cetaleThe inductivgrounding of these BNC and-dbnnectors

in the measurement circuit had direct effecttioe waveform of the generated current skégure29 shown in
Sectiord. lis themeasurement setup afuminiumplate, where theconnections othe cables used for connecting
sensors to oscilloscope are grounded on both ends tsgwide aluminium conductorsfor the inductive
grounding. It should be noted that ordgnnectors should bgrourded and not the body of the current step
measuringsensoy as groundinghemresulted in a small leakage current, thus affecting the waveform of the
current stepFigure34 shows the rising eddmthwith and without the grounding connectifum the current step
measured withhetwo Rogowski coildP1 andP2 used togethein the same measurement cirdioit measuring

of current steplt can beseen that the oscillations are reduced with grounding connection

1
60 - 7
o e
v,
o 40 §
o —P1 coil (with P2 coil and without grounding)
g' —P1 coil (with P2 coil and with grounding)
8 30 —P2 coil (with P1 coil and without grounding) ]
c P2 coil (with P1 coil and with grounding)
220
b
>
0]
10
0 — -
10 ¢ L ! !

-50 0 50 100 150 200
Time(nsec)

Figure34 The rising edge of current steps measured with tR&and the P2coil. Oscillations are reduced with grounding connection.

B. Coaxial assembly of thesensors and components

In the initial tess performed without takingnuchcare ofcoaxialconnection, oscillations were observed in the

rising edge of theneasuredurrent stepthat appeared to be the main cause of increasetimies.By making

the coaial assemblyfor sensors and other components in the measurement step, these oscillations were reduced.
In later test sessionspaxial cage structur@geremade in the workshopabo atvVTT Mikes. Figure35 showsthe

cagelike structures with sensoiS3placed coaxiallyn larger cage and the2 coil in small cagelnductive loops

always exist in norwoaxial connectionghich directly effects therisetime of the currenstepas per equatiori 1.

The cage structures made for placing current sensors provided coaxial cortogbgorariougurrent measuring
sensorsand theothercircuit componentssuch as the spark gap assembly
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Short cage structure for return path

Long cage structure for return path

Current sensor
(53 shunt)

Attenuator

Coaxial cable between
current sensor
and oscilloscope

Figure35 The cagdike structure providing coaxial connection to th83shunt placed inside. Th@2coil is placed in small cagliike

structure to the left ofthe larger cage structure. Short coaxial cables from sensor to oscitipe are used to avoid inductive loop and
achieve coaxial connection.

In addition to provié the coaxial assembly for sensors, theteicture also provide the return path for the
traveling current wave without forming an inductive lobBjgure36(a) showsthestep measurement of tR4 coil
measured with and without a coaxial connection. Oscillations in the rising edge were reducédewtiaroil
was placed coaxiallin the cage strcture ofFigure35, replacing thes3shunt Similarly, Figure36(b) shows an
improved rising edge, when the inductive loggs avoided byisingN-connectortto provide coaxial connection
for the S1shunt Steeprrising edgewith reducedisetime was ther&re obtainedor the current step.

50

—P1 coil placed coaxially
—P1 coil not placed coaxially,

.
S
T

—51 Shunt
—51 Shunt after removing loop in connection

w
=
T

Current (ampere)
Current (ampere)

0 5 10 15 20 5 30 35 e 50 0 5 100 150 200
Time (nsec) Time (nsec)
(a) (b)

Figure36 (a) Reduced oscillations in rising edge of tR&coil when placed coaxially. (b) Current step showing steeper rise after
removing inductive loop in theS1shunt connection usinghe N-connector.
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C. Reflections and impedance mismatch

The oscillations observed in the rising edge of the current step were mostly removed bygpoopeing and

coaxial connectiost however, here werestill somereflections within the rising edge of measureepstTo

examine the cause of these reflections, sensors using attenuators were used with attenuators of different scale
factors, but same results were obtained. L. &@iecuit simulatiols wereperformed irthe Castle transmission line
simulatorto understand the cause of reflections within the rising edge of current step. The simulation results
showed that impedance mismatech various circuit componentsaused these reflectionsigure 37 shows
simulation resultsfor the coaxial cage structuresith different impedances mader the coaxialassembly of

sensors

0.08 e 0.1} A P
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- — o] \
006 | 7007 [
[=} o
2005 50.06] |
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0
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(a) (b)
Figure 37 Simulation results fo coaxial cage structures of different impedances made for placing sensors coaxially, explaining
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GKS NB&ald 2F (GKS OANDdAG O2YLRySyia KFIR GKS AYLISRIYyOS 2F pn Ko

As thetype of connectiorand grounding affected the steepnesmefsurecturrent step and therefotiee rise

time, these reflections caused by impedance differararealsoone of the main cause fcreasedisetimes.
Reflections in the rising edge of current step were redwbet the impedance of the coaxial cage structure used

for current sensors ag madeapproximatelys 0 dve to impedance match esst of thecomponerg of the
current measuring ci r dtwasobselvedtat theroscilatiomeirdtiae mising edgefof tte0 Y .
current step wereaused byhe inductanceandtheindudive loops of measurement circuithile the reflections

in the rising edge of current step measured were due to impedance migigatel38 showsthecoaxial structure

with reduced length as comparned-igure35 for placing theP1 Rogowski oil. The length of theagestructure

with theP1 coil wasdecreaseffom 28 cm to 12 crfor reducingtheimpedance tonatchs5 0 T¥eP2 coil with

possibly reduced length of coaxial cage strucimdthei mpedance appr oxi mat &fguse 50 Y
38. Figure39(a) shows further modificatiomadeto the coaxial structhe of the P2 coil for impedance maich.

With this modification, ris¢éime measured witlthe P2 coil was further reduced from 2.02 ns to 1.64Figure

39(b) showsresultsmeasured witlthe P1 coil havingdifferent lengths of coaxial structuf@ue toimprovement

in the impedance matcheflectionsin the rising edge as per simulation results were reducdd wsing the

coaxial structure of shorter length.
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Hgure 38 The short length of coaxial structurgsossiblymadefor return current path andplacing thePland theP2coil sensorsN-
connectors are grounded.

—P1 coil with long coaxial connection (coil used saparately)
—P1 coil with short coaxial connection (coil used separately)

20 25
Time (nsec)

(b)
Figure39 (a) New arrangement for thé>2coil made by further reducing the return path with copper wire to get reduced impedance
difference, an improvement in rise time from 2.02 ns to 1.64 ns was achieved with this modification. (b) The rising edgeesftstep
measured with coiP1by varying the length of the coaxial structure used as return path for the current. The black sk represents
measurement with a 2&m long cage length while the blue solithce represents improvement in the rising edge of current step with
short cage lenth of 12 cm.

Another main causef the reflection within the rising edge of current step measuredtingtRogowski coil in

the coil-shunt combinatiomvasthat theshunt can only be placed at the end of the current step measuring circuit
due to common modgrounding problems as shownRigure35 andFigure50. The wave of current step reflects

at the shunt end making reflection in the rising edge of current step measuradesihgowski coil. This
reflection in the rising edge of the currentpsiteeasured witthecoil is due to a small distance between the shunt
endand the coil. Consequently, the rise time of the current step measured walsacoicrease&igure40 shows
therising edgeof the current stemeasured with th8Hshunt and coiP2 used togethek oltagewavefornswere
recordedwith the oscilloscope anthe Sksspark gap was useda switch. Thecoil P2had a risg¢ime of just 1.64

ns when used separately for current step measureBecduse of the reflection in the rising edgeised by
impedance mismatclhhe rise time of this coil was increaged.8 ns when used together with Sidshunt
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Figure40 Reflection in rising edge of current step measured with tR coil when used togethemwith the SHshunt in the same
measurement circuit. The $Bpark gap was useth step generator. Theise time of theP2coil was increased from 1.64 ns to 5.8 ns
due to reflection in rising edge of current stephen used withSHshuntcaused bythe impedance mismatch.

D. Arc length of the spark gap electrodes

Figure41 shows the risinggdges of the current steps measured and their respectitindse
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Figure41 Effect of arc length othe spark gap electrodes on the rise time. Rise times of 8.5, 9.0, 1115 & ns were obtained with
0.3,0.5,0.8 & 1.1 mm spark gap electrode distances, respectively. The generation ciradtaisspark gapwhile the SHshunt was
usedfor step measurement

The electrode gapf spark gap with air as a mediwmaspreciselyadjuged from 0.3 to 1.1 mm and the rig@e
was calculated for each current st®ply theSHshuntwas used for this purpasehe peak valuef the current
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stepwasincreased with increase in the spark gap electrode I the hypothesisnade during this thesis

work that the arc length of the spark gap affects thetirse of the current stephis testsessiorwasperformed

with spark gap having air as a medium. It was verified practically that the arc length affectstthesseh

that the rise time increases in response to increasing arc length. The rise time increased from approximately 8 ns
at 40 A to approximately 15 ns at 90 A, while the slew rate remained constant.

E. Gas pressure of the spark gap medium

In order to reachhe faster rise times, the gap length of spark gap electrodes was reducednim,Oahd the
insulation gas was changed tosSFhe spark over voltage was controlled by changing the pressure inside the gap
assemblkeeping the spark gap electrode length constegetthefull use of the higher dielectric constant of the

SFks gas Tests wergerformedand the results were analyzed to see the effegagdressure on the rigame of
measureaurrent step. It wagbservedhat the increase in pressure reducedibetime to some extent as shown

in Figured42. The breakdown level of the spark gap increases with increasing pressure and it results in higher value
of current step generateirise time in the range &fto 4nswas recorded witBFs spark gap havingnelectrode

length of 0.1 mm and th&Fs gas pressure of-&m w.r.t vacuumNote that only 1 acquisition was used in this

test rather than several acquisitions, which is explained by some oscillations in the step.
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—Rise-time=3.60, Pressure=1.5 bar w.r.t vacuum

—Rise-time=3.40, Pressure=1.8 bar w.r.t vacuum
101
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Figure42 Effect of the Sggas pressure in spark gap on theeasuredrise time. Rise times of 3.9 ns, 3.6 ns, 3.4 ns were obtained
using theSHshunt with 1bar, 1.5 bar and 1.8 bar respectivadas pressuresvith respect to vacuum.

F. Effectofthesensob s n o mi nan measueedicurrerd step

Coil P1 was usedn few test session® measure the current steps of different tises generated by various
spark gapsThese steps recorded with tB# coil alwayshad oscillations at the peak the current stepwhich
were furtherincreased when current steps with lower rise times were mea®isinly edge of current step
measured with th@1 coil can be seen iRigure32, Figure34 andFigure36. As per data sheet die P1 coil
shownin AppendixA, thiscoil wassuitable forthe measuring peak currentp to 10 kA, but it ha a nominal
risetime of 20 ns. Current steps generated in this projectiedetimes lower than 20 ns and therefatee P1

coil was not the optimal sensor to be usedsiorh lowerrise time measurement due to its higher nominal rise
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time and oscillations at the geaf the rising edge. It was also observedt sensors with a higher nominal rise
time increased the measured rise time for the sensor used in the same measuremeRocerainpleFigure
43 shows increase in the measured tise ofthe SHshunt from 4.8 ns to 11 ns wh#re P1 coil with nominal
risetime of 20 ns was used in the same circuit. Comparison of current steps and the rising tdgelfooil
sensor with th&1shuntusingDigitizer of National instrumentss shownAppendixC.

140 |

[—sH shunt, Rise-time=11nsec
120 |—P1coil, Rise-time=19nsec
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Figure43Rising edge of the current step measured with tRed.coil and theSHshunt used together in same measurement circuit. The
P1coil measured the rise time chpproximately19 ns which has a nominal rise time of 20 ns. Rise time measured witiSiHshunt
was increased to 11 ns which measured rise time of only 4.8 ns when this shunt was used in combination wiB2it@l sensor
instead ofP1coil.

4.3 Measurement of risetime

Current steps were generated with spark gaps of different media and thainese/ere measured. An overview

of the measured risemes with differentspark gapsand sensorss shownin Figure44. The sensors and
oscilloscopes mentioned Trable3 and Table4 were used for the measurements, but the results shown are in most
cases not limited by the characteristics of the measurement system. The peak dineentieit step was varied

by adjusting the spark gap electrodes of different spark gap media. fibuvesthat the rise time is affected by

the peak current value and the medium used in the spark gap, wiliviB§ the best results.
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Figure44 Relation ofthe risetime and step current valueswith various spark gapsised

Effort was taken to keep the circuit as compact as possidiatch the circuittthe50 Y i mpedance o
cable asnuchas possibleTo achieve thismodification was made tive spark gapased on 50 -Bonnectors

shown inFigure15(b). An additional cover was made to provide coaxial return path for the cuFignte45

shows pictures of the compensated §¥ark gap modified frorthe Sk spark gap shown iRigure15(b), section

2.4.2. The modification to a compensated low inductance ddsitpwed the discussion axplained in section
2.4.1This compensated design not only further improved the rise time for sensors, but also reduced the
interferenes that were caused by the spark dés test session with compensated spark gappeeiermedwith

the LeCroy oscilloscope which hadandwidth of 600 MHz and sampling rate of 10 GS/s. Much lower rise

times were achievedith this design

' SR -
Figure45The compensated SBpark gap made at VTT Mikes HV Laboratory. Modifications made by placing taper structure using

brass plates to the SBpark gap ofFigurel5(b) making it the low inductance compensated spark gap design.

The fisetime was calculated from the datecorded withcomputersoftwarefor oscilloscopes availabl@ the
High VoltageLaboratoryat VTT Mikes. The difference between the time at which the magnitude of the current
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step was 10% and 90% tife peak current step was carefully calculated for thetime measurement. Peak
current was considered at the most stable peak current level sfetheln this project, total step length of
approximately 960 ns was generated and measUhedcurrent step was most stafdethetime epoch fron750

ns to 900 ns, which was used for peak current measurerAsras. examplefigure46(a) shows thesmooth and
clearcurrent step measured with fA2coil only using the compensateds&park gap, whil&igure46(b) explains
the procedure followedor measuing the risetime of the P2 coil sensorTable7 shows the rise times measured
by current sensors for the current steps of different peak values using various sparkgapsrk gaps used as
a switch were changed to achieve better redaltthe rise times in various test sessions. The senhirk were
suitable for particular spark gap resulting in lower rise times were considered in each test session.
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Current peak valuat
750900 ns step region
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= 56.3A
=1.8 ns
=6.2A
=0.15 ns

90% of peak current
Time at 90% opeak current
10% of peak current
Time at 10% ofpeak current

Rise-Time =1.64 ns

Figure46 (a) Current step measured with thB2coil only, using compensate®k spark gap withSk gas pressure = 2 bar w.r.t
vacuum (b) The calculation of rise timeneasured with theP2coil using theLeCroyoscilloscope with sampling rate of 10 GS/s.

Table7 Rise times measured with different sensoasid spark gap varioustest sessions.

Spark gap and spark gap medium Air
Amplitude of current step 5A 30A 35A 50A 60A 65A 70A 80A 90-100A Nominal rise time
of sensor
Sensor used and measured rise| P2 - - - 7.90 8.90 - - 11.2 13.7 2.0
time (ns) SH - - - 8.50 9.0 - - 115 15.3 1.8
Spark gap and spark gap medium Argon
Amplitude of current step 5A 30A 35A 50A 60A 65A 70A 80A 90-100A | Nominal rise time
of sensor
P1 17.0 - - 14.5 - - - - - 20
Sensor used and measured rise| S2 7.15 - - 8.20 - - - - - 1
time (ns) S3 32.1 - - 34.7 - - - - - 0.45
SH 18.5 - - 235 - - - - - 1.8
Spark gap and spark gap medium SFs
Amplitude of current step 5A 30A 35A 50A 60A 65A 70A 80A 90-100A | Nominal rise time
of sensor
P1 - - - 23.0 - - - 19.0 20
Sensor used and measured rise| P2 - 3.91 3.60 3.40 - - - 3.30 - 2
time (ns) S1 - 5.80 5.60 4.70 - - - 3.14 - 1
SH - - 11.0 5.90 5.80 - - 4.8 - 1.8
Spark gap and spark gap medium SF; (Compensated)
Amplitude of current step 5A 30A 35A 50A 60A 65A 70A 80A 90-100A Nominal rise time
of senso
Sensor used and measured rise| P2 - - - 3.85 3.30 2.02 1.64 - - 2
time (ns) SH - - - - - 6.34 5.95 4.95 - 18
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4.4 Interference test

Figure47 shows the rising edge of a current step measuredhgtBHand theS1shuntsusedseparatelyA rise
time of 5.9 ns was recorded with t8élshunt and 3.1 ns witB1shunt.The current step with risetimeslower
than 5 ns were more prone to interferen@essin case of th81shunt Figure47(b)), due to afast switching
phenomenon athe Sk spark gapTherefore, wo types of the interferencegts wergerformed, one with open
connection to th@2 coil used for current step measurement, and other with-shouwit tothereturn path othe

P2 coil. Figure48 shows the waveforms for interference tests perforwieeh theSK gas was used as spark gap
mediumfor generating current steft wasobservedhat there was some interferenéa interference of 40 mA
was recorded in the case of open circuit test, and 20 mA was recorded in thetibasbart circuit test.
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Figure47 (a) The rising edge of current step measured with tB&lshunt, Rise time = 5.9 ns, §fas pressure = 2 bar w.r.t vacuum
,spark gagength=0.1mm, (b) The rising edge of current step measured it S1shunt, Rise time = 3.1 ns, &fas pressure = 1.8 bar
w.r.t vacuum ,spark gapength=0.1mm.
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Figure48 Interference test with a magnitude of 40 mA usirige Sk spark gap, (a) Interference test with open connection to call, (b)
Interference test with the short circuit to return path of the coil.

An interference test wasonductedagainwhenthe compensatefifs spark gagshown inFigure45 was usedn
step generation circuiFigure49 shows the interference tests performed with the compensated spalnk tipegp.
case much lower interference of just 5 mA was observed compared totéréerence testhown inFigure48
due to tapemodification used on the electrodes of spark (Gagure45).
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Figure49 Interference test with magnitude of 5 mA using compensated; Spark gap (a) Interference test witopen connection to
P2coil, (b) Interference test with ends dP2coil grounded.

4.5 Reference calibration circuit for current steps

Figure50 shows the best current step measuring ciraditieved which had theith lowest oscillations and
interferenceThe snall length of coaxial cabdfrom sensors tehe oscilloscopewere used,componentsvere
placed coaxially, smallest possible lengttited cage structurgvasusedto achieve impedance match havthg
impedanca ppr o x i mat théS§ spark ga)ywas wsedavhich made this combination as theefersince
currentstepmeasiring circuit used for the calibration of resistive shufiisis circuit measuredrisetimes of less
than 5 ns usinthe compensatesiis spark gap.

4 - A1 |
Figure50 Reference calibration circuit showing th8Hshunt andthe P2 coil used togetherin the same measurement circuit as an
example.N-connectors betweerthe two sensors are usetb achieve possible small distance between theavoiding reflection in the

rising edge of current step measured withe P2coil caused byimpedance difference.

4.6 Summary

Practical measurement setup of current steps was presented in this chapter. Current step measurement procedure
factors affecting current step measurement, measurement of rise time, and interference tests performed are
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presentedhere. Finally, a reference calibration circuit achieved during current step measurement was presented
which isused for step calibration of sensoiGhapters.
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Chapter 5

Calibration of sensors

In Chapter4, areferencecalibrationcircuit to use with variougurrentsensorsvasproposedn order tomeasue
thecurrent stepThe measurement results using ferencecalibrationcircuit were recorded fathe calibration

of the current sensar$his chapter extends the results for current step measurement by describing the methods
used to calibrate the current sensamd presenting step calibration resuiection5.1 describes DC calibration

of theshunts. Secti®db.2and5.3 explainthestep calibration anthetransient behaviour of different current step
measuring sensor§ection5.4 describeghe transient behaviour ééw current sensorasing low inductance
compensated $Bpark gap in the generation circiection5.5summarizes the calibration done for the sensors.

5.1 DC Calibration of shunts

The shunts were calibrated in DC mode wittie Agilent 3458A digital multimeter usinghe four-wire
measurementThe results are presentedTable8. The uncertainties with a 50
estimated based dhepr evi ous wuncertainty ampddanesdn he High Yatagevi t h
Laboratory at VTT Mikes

Table8 DC calibration of the shunts used in this project with expanded uncertainties @).

Shunt | Attenuator | Nominal value DC calibration

used with attenuator (including50 Y i mpedance at
S1 58:1 0.0862 (0.083701 N 0.000
S2 - 0.1 Y (0.097702 N 0.000O0
S3 - 0.01 (0.010180 N 0.000O0
SH - 0.05 (0.049331 N 0.000

5.2 Step calibration of shunts

Step calibration of the sensors was carriedbyuiisingdata obtained fronthe current step measurement. The
current measuring sensors were calibrated by simultaneously measurerg step witla coitshunt combination
andthencomparing the two agaihsach otherf-or the coil-shunt combination, one shunt at a time was used with
the coil in each test session. Shunt responses were compared using-gtiarmogiombinatiorOne of the shust

S1 was used as a reference, #merest of the shunts weoempared witltheknown responsivityf the SIshunt

Coil sensoP2 was calibratedising the DC calibrated value of shi8itas a reference. Other shunts were then
compared withthe P2 coil. Results were analyzddr their relative error ah uncertainty.Waveforms were
recorded for calibration using an oscilloscope, or a digitizens@Wwaveforms were used for further analysis of
transient behavior. The sensor was connected to an oscilloscope, and the oscilloscopaaessd to a computer
througha fiber optic cable for recording the data in digital fofthe P1 coil was also testedhowever,it could

not be usedor calibration because of its higher nominal rise time and consequent oscillations at theitseak of
current step gsing edge
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While evaluating the recorded data, the offset was remdweedhe zeroand unity levelsThe zero level was
calculatedby taking araverage of all data beforen@ andthen subtracting this average vaftmm the measured
data Forthe peak valugunity leve) of the current step, the average valuetld datafor thetime epoch from
750ns to 900nwasused as the current step was most stable in that regiomshuntsS2andS3required more
than 960 ns of current step length for stable current step measuramexplained by their transient behavior in
Section 5.3This is becauséhatthe maximum current step length generated approximately 960 nsingthe
available coaxial cabla this work.Based on relative error, uncertainty, settling of curves andfaan obtained
the S1shuntshowedmuch betteperformancehan the other shunts. Therefore, 8feshunt wasselectedasthe
referenceshuntfor current step generationhis shunt measured stable current after approximately 150 ns of step
lengthwith apeak current upo 100 Aand arise timeof less than 5 ndn the calibration procest)e sensitivity

of coil P2wasfirst calculated using reference sh@itas

YQE i Qa e W : (12

This sensitivity of the coil was then used to calibrate the sensitivities of the other shunts used, one at a time, in the
same measurement circuit witke P2 coil as

YQe i Q@ QW 'R00w : (13

Here,V is the voltage recorded by the oscilloscopable9 describeghe calibration result§or one of the test
sessionsneasuredvith various sensorgsing the National Instruments 150 MHz digitiz&n impedance of 50
Y was used at t he fdrtheeadingio éverytbsesessisnci | | oscope

Table9 Results of step calibrationrP2was first calibrated againsgl, the rest of the shunts were then calibrated againd2 The
uncertainty values are given as standard uncertainties with a coverage faktor2.

SENSORS P2 S1 S2 S3 SH
Attenuator used 7.5166:1 5.8: - - -
1
Nominal sensitivity (V/A) 0,0665 0,08621 0,1000 0,0100 0,0500
DC sensitivity (V/A) - (0.083701 | (0.097702 (0.010180 + | (0.049331 +
0.0000/ NO. 000Q 0.0000[0.0000
Step sensitivity (V/A) 0,065701Y 0,098722+ 0,010822+ 0,049501+
0.0000| 0.0000|0.000O00DO
Measured current based on| 45,3972 44,6259 45,9156 52,1837 48,2932
nominal sensitivity (A)
Measured current based on| 45,3972 45,9624 46,9965 51,2610 48,9492
DC sensitivity (A)
Current calculated with 45,9624 45,9624 46,5894 48,2921 48,7268
step sensitivity (A)
Relative error from -1,2% -0,03% -1,4% 8,1 % -0,9 %
nominal sensitivity
Relative error from DC -0,7 % 0,0 % 1,0% 6,3 % 0,3 %
sensitivity
Relative uncertainty of 0.4 % -- 0.5% 0.5% 0.5%
error (k = 2)
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The relative error in the step sensitivity from the DC calibrated sensitwstyown inTable9. Except for shunt

S3 the relative error &s in the range of 19%Additionally, theS3shunt measured a higher current step compared
with the peak value of the current step measfoethe same measurement circuit. FerS3shun, the difference

in the measured peak current was reduced after DC calibration of sdndoitswas stillinsufficient to be
considered aa referenceshuntwith minimum uncertaintyApart from theS1shunt, theSHandS2shunts were
also used aareferencewith anuncertainty obtained for all the shubtsingin the range of 0.7 %s an example,
Tablel0 explainsthe procedure fotalculathgtheexpended uncertainfpr the data offable9.

Table10 Example uncertainty budget for step calibration of shunts using the oscilloscope from National Instruments. Components
are given as relative uncertainties in percentage.

Sources of uncertainty k=1) P2 S2 S3 SH
Uncertainty of NI oscilloscope (%) 0.19 0.19 0.19 0.19
Uncertainty of reference shunt S1 (%) 0.001 0.001 0.001 0.001
Standard deviation of mean for peak level or unity level of 0.10 0.099 0.13 0.10
current step measured with sensor

Standard deviation of mean for zero level of current step 0.007 0.003 0.009 0.009
measured with sensor

Combined standard uncertainty 0.30 0.29 0.33 0.30
Expanded uncertainty k=2) 0.43 0.47 0.52 0.56

In Tablel10, the uncertainty of the oscilloscope was obtained from the calibration certificate by VTT Mikes in
July2016 DC calibration values were usastheuncertaintyalue forthereference shurg@l Standard deviation

of mean was calculated ftre unity and zero levslof the current step measured with each sensor. This standard
deviation of mean was calculated from the data obtained using consptti®aremade for theoscilloscope.
Expanded unertainty was finally calculated according[#dl] andSection 5.2 of IEG62475[11].

The sensors were calibrated using the same procedialéoased for the oscilloscope froNational Instruments
in Tablel0. Sep calibrations were repeated witie other twapscilloscopesTektronix, and LeCroyTheresults
and theiruncertainties obtained usitige threeoscilloscope arecomparedn Tablell.

TheSishunt( 0. 083701 Nusedl alréfddehdiffied by1.04% fromthe previous DC calibration
certificate calibrated at VTT Mikes Hig¥ioltageLaloratoryin 2015.This differencds in the acceptable range
as previous calibration was done wathimpedance df  Mwhile DC calibration for this project was done with
50 Y.

Uncertainties were calculated wittie S1shuntfollowing the methods in [1]1[41] and [47].It should be noted
that one major source of uncertainty in the step current measurements is the uncertainty of the oscifbscope.
shown inTable1l, an uncertainties of less than 0.5 &@e obtainedwhen ignoringthe uncertainties of the
oscilloscopeslt is worth mentioning that whetie two sensors being compared uses the same oscilloscope and
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range, it is possible to ignore thacertainty of the oscilloscope that specific measuremefigure51to Figure
54 showsthe relative errors and uncertaint{egcluding the uncertainties of the oscilloscopes the calibration

resultsof Tablell.

Tablel1 Step calibration results with different oscilloscopes.

Oscilloscope used | Uncertainty of | Sensor Step responsivity Difference from Relative
oscilloscope DC calibration Uncertainty
(k=2) (k=2)
NI 150MHz Digitizer 0,38 % P2 0,066 Y 0,1% 0,4 %
S2 0,097 VY 0,1% 0,5 %
S3 0,011 VY 9,2 % 0,5 %
SH 0,049 Y 1,2% 0,5%
Tektronix (Test 0,80 % P2 0,066 Y -0,7 % 0,8 %
session 1) S2 0,098 Y 1,0 % 0,9 %
S3 0,010 Y 6,3 % 0,9 %
SH 0,049 VY 0,3% 0,9 %
Tektronix (Test 0,80 % P2 0,066 Y 0,1 % 0,9 %
session 2) SH 0,0497 Y 0,7% 1,0 %
LeCroy 1% P2 0,0668 Y 0,6 % 1,0%
SH 0,0498 Y 1,0 % 1,1 %
2.0%
> 15% [
5
%15) 10 % 0.6 % ® Error
= L J
2 0% 0.1% 0.1%
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Figure51 Relative error and uncertainty in different test sessions for cBedza SR A G K T dpmcc Y ™

and having sensitivity of 1 V/A. Relative uncertainty also includes the uncertainty of the oscilloscope.
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Figure52 Relative error and uncertainty in different test sessions fitve SHshunt having sensitivity of 0.04933 V/A. Relative
uncertainty also includes the uncertainty of the oscilloscope.
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Figure53 Relative error and uncertainty in different test sessions ftine S3shunt having sensitivity of 0.01018 V/A. Relative
uncertainty also includes the uncertainty of the oscilloscope.
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Figure54 Relative error and uncertainty in diffenet test sessions fothe S2shunt having sensitivity of 0.09770 V/A. Relative
uncertainty also includes the uncertainty of the oscilloscope.

5.3 Transient behavior of different sensors

The coaxial cable generator was capable of providing reasonably constant current. However, contrary to the
voltage generated by a mercumgtted based step voltage generator [34], the step did not settle due to
imperfections and losses in the cable. Curstaps were measured with all the shunts and coils using their
calibrated sensitivities. Since the current level in the time epoch from 750 ns to 900 ns was considered the most
stable region of the current step, the average value of current ratiosragibatof the current step was considered

as the reference line. The ratios of the currents measured withshaotl combination of sensors were plotted

after removing offsets to study their transient behavior. The reference line was used to steitljndnefscurves

obtained with two sensors. The current step measured using each shunt in combinationRgittothes well

as their waveform expressed in terms of current ratios are discussed below.

5.3.1 SH shunt and P2 coil

Figure55(a) shows the current steps measured whthSH shunt andhe P2 coil used simultaneously in the
measurement circuigcaling factos 0f0.049501and15.0332wvere used for thEHshunt anatoil P2, respectively

while plotting current step waveform$he ratio of the two step responses is showRigre55(b). From the
figure,it is clear that curves for both sensors seittfer 50 ns of current step and agree with each other within the
measurement noise levdlhe reference linen Figure55(b) indicatesthe ratio of currents in the stable current
regionfor the time epoch froni50 ns to 900 ns dhe current step recorded withe SH shunt andhe P2 caoill
sensors. The reference valuetlod reference line, 1.017, is not exactly 1 due to different scale factors used for
current sensordt should be noted that this reference line will be exactly 1 when comparing the reference shunt
and calibrated shunisingits step calibration values.
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Figure55a) Current step measured with th8Hshunt (black trace) and th®2coil (blue trace) used together in the same measurement
circuit. b) Ratio of current measured with th8Hshunt and theP2coil (blue trace)along withthe reference line (black line).

5.3.2 S1 shunt and P2 coil

A smooth current step was also obtaifi@dthe S1shunt andhe P2 coil asshownin Figure56(a). It indicates
that the arrent steps fothe P2 coil andthe S1shunt used together were almeame inthe shape A scaling
factor of 0.083701 was used fitre S1shunt while 15.0332 was used tbe P2 coil. The current ratios agreed
with measurement noise level after approximately 1568hwwvn inFigure56(b). Again, the réerence line as the
ratio of currents measured deviates from 1 due to different scale factors used for plotting the current steps.

1.022
—S1to P2

} 1.02 —Reference line at 1.012452|

1.018
1.016
1.014

! UL |LDHHJI|;‘IJ\'M‘.‘H\ PO A, (1 O AL AL
1.012 I’| “[ il ( UL VL ity A N

1.01

Currents ratio

1.008

1.006

1.004
1.002 I

[ . . . . . . . 100 200 300 400 500 600 700 800 900
400 0 100 200 300 400 500 600 700 800 900 Time (nsec)

(a) (b)
Figure56 a) Current step measured with th81shunt (black trace) and th@2coil (blue trace) used together. b) Ratio of current
measured with theS1shunt and theP2coil (blue trace)along withthe reference line (black line).

5.3.3 S2shunt and P2 coil

Figure57(a) showsthe steps measured withe S2shunt andhe P2 coil. A scaling factor of 0.098722 was used

for the S2 shunt while 15.0332 was used fitwe P2 coil. Figure57(b) indicatesthat the ratio of the currents
measured is smaller than unity till 750 ns, and it crosses the unity level after that, rather than getting stable at the
unity level with some urertainty. This shows that the coaxial cable used for current step measurement is not long
enough to attain a stable current lewblen theS2shunt is used
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Figure57 a) Current step measuredwith the S2shunt (blacktrace) and the P2 coil (blue trace) used together. b) Ratio of current
measured withthe S2 shunt andthe P2 coil (blue trace) and along with reference line (black line).

5.3.4 S3shunt and P2 coil

As in case ofhe S2shunt,the S3shunt showed atost similar behavior as can be seekigure58. Curves not

settling at unity level suggested that the coaxial cable used for generation purpose is not long ¢aketiteto
current ratio to the stable regioh .scaling factor of 0.0108was used fathe S3shunt while 15.0332 was used

for the P2 coil. Curves for both sensors crossed the unity level reference line at approximately 500 ns but never
stabilized. From the responsecanbeconcludel that theS3shunt takes more than 960tosstabilizeand measure
constant currenwhich is the maximum current step length obtainable with the coaxial cable used.
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Figure58a) Current step measuredwith the S3shunt (blacktrace) and the P2 coil (blue trace) used together. b) Ratio of current
measuredwith the S3shunt and the P2 coil (blue trace) along with the reference line (blacKine).

5.4 Transient behaviour of shunt with P2 coil using compensated S§spark gap

Current steps obtained withe S1landSHshuntin combination withithe P2 coil were studied again nalyzing
the waveforms obtained usinthpe compensate®Fs spark gapshown inFigure45, Section4.3. This study of
transient behavidnelped in understanding the stability of shunthwéspect to the length of the current step for
steep rise times, as thegdpark gap resulted in lower rise times for generated current steps.
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5.4.1 S1 shunt and P2 coil

Current steps and the waveform of ratio for currents measurde®i shunt andhe P2 coil used together in
current step measuring circuit are showrrigure59(a) and (b) respectively A scaling factor of 0.083701 was
used forthe S1shunt while 15.0332 was used theP2 coil. Figure59(b) indicates that the curvesettleafter 750
ns in the case dhe Sk spark gap, due to fast switchinf) the Sk spark gapresulting infast step generation
havinglower risetime. The settling time was 150 ns with spark gaps other tharsB&wn inSection5.3. As
mentioned earlier, reference line is the average value obtaingwfogak current ratios measuried the epoch

from 750to 900 ns region of current step and it is not exactly 1 dubffierent scale facterused for current
sensors
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Figure59 a) Current step measuredwith the S1 shunt (black trace) and the P2 coil (blue trace) used togetherin the same
measurement circuit. The current step iggenerated withthe compensatedsFs spark gap. b) Ratio of current measuredvith the S1
shunt andthe P2 coil (blue trace) along with the reference line (black line) generated witlthe compensatedSFs spark gap.

5.4.2 SH shunt and P2 coil

Figure60(a) and(b) showsthe current steps and the waveform for ratios of currents measurethe/iid shunt
andthe P2 coil whenthecompensated SBpark gap was used for current step generafianvessettleafter 750
nstime lengthof current step in the same way as in casglghuntshown in Sectio®.4.1. A scalingfactor of
0.049501 was used f&H shunt while 15.0332 was used 12 coil. These measurements showed that due to

lower risetime and fast switching witthe Sk spark gapthe current sensors take longer step length to measure
stablecurrent.
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Figure60a) Current step measuredvith the SH shunt (black line) andthe P2 coil (blue line) used togethelin the same measurement
circuit. The current step is generated withthe compensatedSFs spark gap. b) Ratio of current measuredwith the SH shunt and
the P2 colil (blue line) along with the reference line (black line) generatedompensatedvith SFe spark gap.

5.5 Summary

The current steps generated using a coaxial caliibapter3 were measured using shunts and Rogowski coils,

as explained ihapterd. Here, the results and data obtained in current step measurements was used for the step
calibration of the sensorsaBed on relative error, uncertainty, settling of curves and waveform obtain&d, the

shunt was selected as a reference for current step generation with a peak current of up to 100 A and a rise time of
less than 5 nsAn expanded uncertainty of approximately 1% was obtained for three out of the four shunts when
including the uncertaintyém the oscilloscopes, while it was less than 0.5% when ignoring the uncertainty of the
oscilloscopes. When using a fast switch (étge SFs spark gap) for generation of current steps resulting in lower

rise times, the sensors requigelonger currenttep length (i.e., coaxial cable length) to measure the stable current
region.
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Chapter 6

Conclusion and Future Work

6.1 Conclusion

The thesis has successfully designed and tested a coaxial cable generator that proddeiseadgictangular,

fast, and steep steps of peak value up to 100 A having affiadtnase time of less thanrs. The produced current
stepwas constant within 6% when using a coaxial cable k&0in length for generating a stégength of
approximately Jus. The generator has been successfully used for current step generation and measurement in the
High Voltage Laboratory at VTT MIKES. The techniques have been defined for measuring current step.
Additionally, the test procedure and measurement capabilitiess heen improved for current step generation.

The reference calibration circuit for current step measurement has been developed to characterize and standardize
the impulse current shunts. An optimal circuit combination has been proposed for curreninstatiogeto

achieve a rise time of less than 5 ns, along with the proposed referenc8Ehuimith aims to provide the best

stable measurement results with negligible noise, oscillations and droop in current step measurement.
Additionally, step calibratin has been performed for the current sensors used in this work.

Based on techniques found in the literature review, current steps were gemhgratesigned coaxial cable
generatorand different sensors were used to meahergenerated steefpont curent steps. The step generator
consists of acoaxialcable2h® i n | engt h wi th a characteristic i mpe
DC generator. This coaxial cable was then discharged using a spark gap switch, and the current steps were
generatd after reflecting back from the open end of the cable with a step length twice that of the cable transmission
delay. The current steps were generated with a stable current of up to 100 A. The characteristic impedance changes
due to various factors, inclird twisting of the cable and the resistance of the daddean influence toavhich

affectsthe constant current from the cable

The measurement system consisted of step measuring sensors (resistive shunts and Rogowski coils), attenuators
(5:1 and 6.61) based on the requirement of the different senaodtherecording instrument (oscilloscopes of
different bandwidth and sampling rate). The rise time of the step varied from 1.6 ns to 15 ns, depending on the
spark gap used for switching.

This studyfocused on investigating the generation and measurement techniques for current step and different
factors affecting the rise time of the current step. Various factors were analyzed that affected the current step
measurement, including the type of coaxiable, type of connection, extra shielding, clearances, interference
sources, media of the spark gap and the spark gap electrode distance. The measurement system is influenced b
factors, such as the coaxiality of the connection, impedance mismatcleranted, clearances, stray capacitances,

and stray inductances. The arc length of the spark gap affects the rise time, such that the rise time increases in
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response to increasing arc length. It was also observed that the oscillations in the rising leelgeroént step

were due taverallinductanceof the circuit while the reflections within the rising edge of the measured current
step were due to impedance mismatch. In addition, the sensors with a higher nominal rise time increased the
measured riserte for the sensor used in the same measurement circuit. Except foB3htmtrelative error of

the step sensitivity from the DC calibrated sensitivity was in the range of 1%. Even though the rise times claimed
for all the tested sensors were belows2these sensors showed different final values for settling times. Three of

the four tested shunts agreed within 1% after approximately§5@m the onset of the step current. However,

the verification of the actual rise time appeared to be difficultaltize steep front of the current step. In addition

to the characteristics of the switching element, the geometry of the circlid Isgnificant effect on the
measurement.

Due to common mode grounding problems, it was not possible to directly compare two shunts against each other.
Therefore for calibrating the shunt®ogowskicoil sensors were used with the shunts in measurement circuits
Stepcalibrationwasperformed forimpulse shunts using these fastrent sensing Rogowski coils as a transfer
reference and comparinigemwith the response of impulse shunts.

6.2 Future Recommendations

Although this thesis has achieved all its required experimental targets, seeasalan still be improved for
current step generation and measuremarthe future, the length of the coaxial cable used could be extended to
attain a standard impulse, as the cable available in this workomlgs110m in length, thus limiting the
applicability of the method. For example, about two kilometers of cable would be needed in order to cover the
full-time epoch of a standard 8/26 impulse. Additionally, some of the shunts in this project showed that a higher
step length and hence higher cdblegth is actually required to measure constant current.

A higher peak current value could be reached to investigate the dependency of the rise time on the increasing peak
value of the current. In this work, when using fixed electrode length of the spprlag increase in thgas

pressure of spark gaand thereby th@eak value of the curreniecreased the rise time. On the other hand, it
should also be noted that for higher valueshefpeak current, shunt might not be the best sensor for current
measurement because of its dependency on power loss due to an increase in the current. A peak current of 100 A
isenoughforamY shunts. For OY shunts, higher currents mi

For rise times of a few nanoseconds, the impedance difference of the measurement circuit should be reduced as
much as possible. This could be better done with further circuit simulations to clearly identify the factors causing
the impedance differenceBhesefactors of impedancmismatch should then be used for precisely obtaining the
uncertainty.
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Appendix A

Details of shunts used, Data sheets and Dimensions

1) T&M shunt W-1T-5-1STUD (S1)
6 Watt Units - 4 1/2 Inch Overall Height

Model Resistance ohms Bandpass MHz. Risetime nsec. Emax joules
W-1T-5-1STUD 5 400 1 500

* BNC (Amphenol) Output Connector Standard

« 10-32 Stud Input Current Connections w/Nuts. ‘&8[17]4‘ ’—

*4.50[114]

*4,03[102]

se[15] L b J L
i J L
.75(19]
20[s] 38[10]

_ 31[a}]4‘

.38[10]

specifications subject fo change without nofice.

T & M RESEARCH PRODUCTS, INC.

e SERIES W - 6 Watt Unifs
Stud Input - 1STUD Type

inchimm] |°™ 04-20-2015

*Dimension subject fo change due to resistive element

DIMENSIONS:

[48]

2) T&M shunt W -1-1-1STUD (S2)
6 Watt Units - 4 1/2 Inch Cverall Height

Model Resistance ohms Bandpass MHz. Risetime nsec. Emax joules

W-1-1-1STUD A 400 1 200
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BNC (Amphenol) Output Connector Standard
10-32 Stud Input Current Connections w/Nuts

G

*4.50[114]

|
+4.03 102

4812
'.55[151 R —1 17
I
L.se[m]

205

1.25]32]
94

*Dimension subject to change due fo resistive element

.48[17] W [—-

L

7519 =

¢.5013]

[24]

.38[10]

specilicalions subject 1o change wihout notice. |
5:2 T & M RESEARCH PRODUCTS, INC.
e SERIES W - 6 Watt Units
Stud Input -15TUD Type
DIMENSIONS: Im:h[mm] DATE: 04-20-2015

3) T&M shunt W -1-01C-2FC (S3)
7 1/2 Watt Units - 2 Inch Long Clamping Surface

Model
W-1-01C-2FC

Resistance ohms Bandpass M
01 800

.

BNC (Amphenol) Output Connector
Flat Cable Input (Clamping Type)

*2.45/47]

[48]

Hz. Risetime nsec. Emax joules
0.45 80

Delrin Backing
.25[6 ] Lk— ~3.15/80] —1
-
T |

2X @ .22[6] THRU

1

52(13]

24[7]

26|17
e

~—2.62[ 6]
=—2.00/51]

Lz.m[sa]*!

2X 8-32 UNC

*Dimension subject to change due to resistive element
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.38010 ]~
5[4 DETAIL A
133 SCALE4:3

specifications subject o chonge wilhout notics. |

T & M RESEARCH PRODUCTS, INC.
|

TITLE:

|
W SERIES - 7.5 Watt, 2FC Units |
PIMENSIONS:  nchimm] | °*™® 04-10-2015 |

[48]



4) HILO -TEST shunt ISM 5P/50 (SH

ISM CURRENT-VIEWING RESISTORS

Type Current rating |Nominal |Power |Impulse-load| Rise- | Band- |Size |Diameterl |Weight
| peak / rms [resistance | integral | time | width 1) | [Length |
ISM5P/50 | 5kA | 10A | 50mo | 5W | 1300A% | 1.8ns | 200MHz | A |50/236 mm | 1.5kg
HILO._
e HILO.
— TEST

Size A1

ISM

Size D

f—— &
4wl

Technical specifications subject to change, ISME-DIM.docx, 0517 Technical specifications subject to change, ISME-DIM.docx, 0817
HILO-TEST GmbH, Am Hasenbiel 42, D-T6257 Stutensee-Karlsruhe, Tel. 07244/20500-0, www.hilo-test.de

10f2

Page 20 2
HILO-TEST GmbH, Am Hasenbiel 42, D-76297 Stutensee-Karlsruhe, Tel. 07244/20500-0, www.hilo-test.de

[49]
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Details of Rogowski coils used
1) Pearson Electronics 110A (P1) 2)Pearson Eletronics 2877 (P2)

[26]
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